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THE REACTIONS OF H AND D ATOMS WITH CYCLIC AND 
PARAFFIN HYDROCARBONS! 


By H. I. ScuiFF? AND E. W. R. STEACIE 


Abstract 


The reactions of H and D atoms, produced by the discharge method, with 
benzene, four cycloalkanes, and the corresponding normal paraffins have been 
investigated at room temperature. Methane is the major product of each 
reaction. Collision yields have been calculated on the basis of hydrocarbon 
disappearance and exchange. Of the cycloalkanes, cyclopropane is the most 
inert with cyclopentane the most reactive. Cyclopropane and cyclobutane do 
not exchange with D atoms but benzene, cyclopentane, and cyclohexane undergo 
considerable exchange. In the case of the normal paraffins the degree of ex- 
change increases with increasing molecular weight. 


It is concluded that the initial reaction 
H + RH—R + H: 
is responsible for the products formed in the reactions but other primary pro- 
cesses may be responsible for the exchange of these hydrocarbons. 


The discharge method of producing H atoms has been widely used to study 
the primary processes in reactions of H atoms with hydrocarbons. The con- 
sensus of opinion at present is that H atoms react with paraffins by hydrogen 
abstraction to produce hydrocarbon radicals which then undergo rapid “‘at- 
omic cracking” reactions. This belief is largely based on the appearance of 
methane as the major product in all such reactions. It seemed of some 
interest therefore to investigate the reaction of H atoms with benzene and 
with some of the cycloalkanes. 


Materials 


Cylinder hydrogen was freed from oxygen by passage over copper wool at 
300°C., and through two traps cooled in liquid nitrogen. About 0.6% nitrogen 
still remained as an impurity. 


Deuterium was obtained under pressure by reacting 99.6% D.O with spe- 
cially purified calcium turnings at 260°C. in an autoclave; traces of NH; formed 
from the Ca;N¢2 present in the calcium were readily frozen out. Analysis showed 
the deuterium contained no H2 and not more than 10% HD for which appro- 
priate corrections were made in the calculations. 

1 Manuscript received September 6, 1950. 
Contribution from the Division of Chemistry, National Research Laboratories, Otiawa, 
Canada. Issued as N.R.C. No. 2277. 


2 National Research Council of Canada Postdoctorate Fellow. Present address: Department 
of Chemistry, McGill University, Montreal, Quebec. 
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Cyclopropane was obtained from the Ohio Chemical Company and was 
rated as 99.5% pure. It was freed from noncondensable gases and subjected 
to several trap-to-trap distillations, the middle 1/3 fraction being retained. 


Cyclobutane was prepared from cyclobutanone by the method of Roberts 
and Sauer (9). The cyclobutanone was obtained from the reaction of diazo- 
methane with ketene. The cyclobutane was tested for impurities by carefully 
fractionating a sample in a modified Ward still (10) and analyzing the fractions 
in the mass spectrometer. Cyclopentane, the largest impurity, was present to 
the extent of 0.6 mole %; lighter hydrocarbons amounted to less than 0.07 
mole %. An infrared spectrum of the gas was found to agree well with pub- 
lished spectra lexcept for the presence of an absorption maximum at 1810 cm.7 
for which no explanation has as yet been found. 


National Bureau of Standards standard samples of cyclopentane and cyclo- 
hexane were dried by passage over phosphorus pentoxide and used without 
further purification. 


Carefully purified and freshly distilled benzene was provided for us by Dr. 
L. Marion of this laboratory and was thoroughly degassed and dried over 
phosphorus pentoxide before use. 


The normal paraffins were Phillip’s ‘‘Research Grade’’ materials rated as 
99.88% pure. These were degassed and subjected to several trap-to-trap dis- 
tillations prior to use. 


Experimental Procedure 


The discharge tube was of the familiar Wood—Bonhoeffer type described in 
previous communications from this laboratory (11, 15). The hydrogen pressure 
was reduced from atmospheric to about 0.35 mm., and its flow rate (58 cc. at 
N.T.P. per min.) was controlled by a capillary leak at the inlet end and a 
throttle at the pump end of the system; throttling at the pump end was found 
to be necessary in order to minimize pressure fluctuations. Atom concen- 
trations were measured before and after each experiment at the top and bottom 
of the reaction tube by means of Wrede—Harteck gauges (5, 17) used in con- 
junction with a thermocouple type Pirani gauge which was frequently cali- 
brated for hydrogen and deuterium. The average of these readings was 
considered to represent the average atom concentration obtaining during the 
experiment. 


The flow rate of the hydrocarbon was controlled by maintaining a fixed 
vapor pressure in a side tube of known volume. The pressure of the gas at room 
temperature in this volume was measured before and after each experiment; 
the difference then gave a measure of the total amount of hydrocarbon used 
in the experiment, from which the flow rate could be calculated. The reactant 
gases were mixed at a distance of 20 cm. from the discharge and flowed together 
down a cylindrical reaction tube; hydrogen atoms leaving the tube recom- 
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bined on platinum gauze. From the flow rates of the gases, their partial pres- 
sures, and the volume of the reaction tube it was possible to calculate the 
average time spent by a molecule in the tube; this reaction time was of the 
order of 0.6 sec. 


The condensable products were trapped out at liquid nitrogen temperature, 
their volume measured at room temperature, and their composition determined 
by separation in a Ward still followed by mass spectrometer analysis of the 
various fractions. 


The noncondensable products passed through a‘‘Leybold’”’ diffusion pump and 
were adsorbed on silica gel at liquid nitrogen temperature. After an experiment 
the silica gel was maintained at liquid nitrogen temperature and opened to a 
‘“‘megavac”’ oil pump for 15 min. in order to desorb most of the hydrogen. 
“Davco”’ technical grade silica gel was found to be the most suitable material 
for this purpose since the use of a more “‘active’’ gel made the desorption 
exceedingly slow. The amounts of methane and ethane lost by this procedure 
were shown to be negligible by blank experiments made with known gas mix- 
tures and by the excellent material balances obtained in all the experiments. 
The trap was then warmed to room temperature and the gas toeplered into a 
gas burette where its volume was measured. An aliquot was isolated in a 
sample bulb for subsequent mass spectrometer analysis. From the amount of 
hydrocarbon which had undergone reaction (subsequently referred to as the 
amount decomposed) and the reaction time it was possible to calculate the 
rate of the initial process. 


There are several objections frequently raised against this method of cal- 
culating the rate of the initial reaction. First the concentration of H atoms 
decreases down the reaction tube as the reaction takes place; calculated cor- 
rections for this effect are complicated and generally inaccurate. However, the 
use of the mass spectrometer and other improved analytical procedures has 
made it possible to work with very small quantities of hydrocarbon gases. 
Consequently, we were able to reduce the flow rate of the hydrocarbon to less 
than 1/50th that of the H atoms, thereby greatly minimizing this source of 
error. 


The practice of equating the rate of disappearance of the hydrocarbon to 
the rate of the primary step can also be criticized. A secondary reaction which 
could regenerate the hydrocarbon, such as the combination of an atom with 
the hydrocarbon radical would, of course, vitiate this procedure. This objec- 
tion may be overcome by the use of deuterium in place of hydrogen; the amount 
of hydrocarbon which has been exchanged can then be determined by means 
of a mass spectrometer and added to the amount decomposed in order to cal- 
culate the true rate of the initial step. In order to interpret the mass spectra 
it was necessary to assume that the ion sensitivity (ion current per centimeter 
partial pressure) for the parent peak of a hydrocarbon does not change appre- 
ciably when the hydrocarbon is deuterated; evidence from work on methane 
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and ethane indicates that this assumption is reasonably valid. Corrections 
were made for the contributions to each parent peak from the cracking in the 
mass spectrometer of more deuterated hydrocarbon molecules, and for the C' 
isotope. This involves the additional assumption that all the deuterated 
hydrocarbons have similar cracking patterns, but since these corrections were 
always small for the hydrocarbons investigated, this assumption does not 
introduce a serious error. It should be emphasized that the use of the mass 
spectrometer provides a much more positive and sensitive test for deuteration 
than any other method. The amount of each isotopic species of the compound 
can be measured independently and added together to give a true value of the 
percentage of the hydrocarbon which has undergone exchange, whereas the 
procedure of combusting the hydrocarbon and analyzing the resultant water 
gives only the over-all deuterium content of the sample. Further, there is no 
possibility of error arising from the presence of deuterium or deuterated reaction 
products in the sample. 


Products of the Reactions 


Methane was by far the most important product in the reactions of H and 
D atoms with all the hydrocarbons.; Analysis of the methane produced in 
experiments with D atoms showed it to be over 80% CDs,, with the remainder 
being mainly CD3;H. 


Methane was found to be the only product of the reaction of H or D atoms 
with cyclopropane. This is neither in agreement with Gunning and Steacie (4), 
who found no evidence for reaction of cyclopropane with H atoms produced 
by mercury photosensitization, nor with Dingle and LeRoy (3) who found no 
reaction with H atoms produced by the thermal dissociation of He. It was 
necessary, therefore, to investigate the reaction in detail to ensure that the 
methane in our experiments did nofarise from any extraneous sources. Blank 
experiments, conducted in the absence of cyclopropane, produced some me- 
thane by the reaction of H atoms with the “apiezon”’ grease on the standard 
taper joints connecting the Wrede gauges and the hydrocarbon inlet tube with 
the reaction vessel. These joints were, therefore, eliminated from the apparatus 
and subsequent blank experiments produced no appreciable amounts of 
methane. 


As previously ‘mentioned, the hydrogen contained about 0.6° nitrogen 
which formed ammonia in the discharge tube. To eliminate any possible effect 
of this impurity one experiment was conducted by first passing the hydrogen 
through a long, thin glass helix immersed in liquid hydrogen. This was found 
to remove the nitrogen ‘but had Ino effect on the amount of methane produced. 


To ensure that no cyclopropane was diffusing back into the discharge the 
hydrocarbon inlet tube was bent away from the discharge and experiments 
were conducted over a considerable range of cyclopropane flow rates; in each 
case the amount of methane produced was the same percentage of the cyclo- 
propane used. 
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It was later discovered that small methane peaks were present in the mass 
spectra of tank hydrogen even after the hydrogen had been purified by passage 
through a palladium tube. Presumably, the methane was formed in some way 
in the mass spectrometer itself. To correct this, a standard hydrogen sample 
was measured in the mass spectrometer before each analysis at a pressure equal 
to the partial hydrogen pressure in the sample to be analyzed. The height of 
the mass 16 peak obtained from the hydrogen spectrum was then taken as the 
residual peak height to be subtracted from the sample spectrum. 


Finally, to test whether the methane was formed from any impurity present 
in the cyclopropane, unreacted cyclopropane was recovered from one experi- 
ment and used in a subsequent experiment; the percentage of methane formed 
was found to be the same in each case. We can safely conclude, therefore, that 
methane is a true product of the reaction of H atoms with cyclopropane under 
our experiment conditions. No deuterated cyclopropane was recovered from 
any of the deuterium experiments. 


In the case of cyclobutane, methane was again the sole product of the 
reaction with H and D atoms, while no measurable amount of deuterated 
cyclobutane could be detected. 


With cyclopentane and cyclohexane, methane accounted for over 90% of 
the reaction products, with small amounts of other light hydrocarbons also 
being formed. To illustrate the order of magnitude of these products, the 
results of the mass spectrometer analyses of the products of the H atom- 
cyclopentane reaction are reported in Table I. In the deuterium experiments 
considerable exchange was found to occur. It was found, however, that the 
ratio of the amount of hydrocarbon decomposed to the amount exchanged was 
not constant but increased with increasing D atom concentration. 


The green fluorescence reported by Bonhoeffer and Harteck (1) for the 
reaction of H atoms with benzene was observed in several of our experiments. 
About 85% of the decomposed benzene appeared as methane, the other 15% 
being comprised of all the straight chain hydrocarbons containing six carbon 


TABLE I 


PRODUCTS OF THE H ATOM — CYCLOPENTANE REACTION 



































Cy clopentane | H atom flow, |  Cyclopentane which reacted to form Cyclo- | 

flow, - a | | cc. per min, |———,——— ——-——— ———;———_| pentane | Mass 

min. N.T.P. | i Oe iat SA | CH,| C2Hs CH C2H2, GH, C3;H¢ CsHio unreacted | balance 
0.692 14.8 26.8) 1.3 | ... | 0.70) 0.4 | 0.05) ... 74.0 103 
0.373 | 16.6 | 23.91 2.9] .05 | 0.68 1.4/0.3] ... 74.0 | 103 
0.508 | 13.3 14.3) 0.4 | ... | 0.29) 0.7 | 0.15) .04 78.2 | 94 
0.518 | 10.1 11.4) 0.2 . | 0.23) 0.8} 0.2) ... $1.3 | 94 
0.201 | 20.1 33.0) 1.2 | ... | 0.32) 0.9 | O21... 63.6 | 99 
0.060 10.2 42.6; 2.8 | .02 | 1.09, 1.5/0.3) .30; 52.0 | 101 
0.042 11.8 36.6) 0.50, ... | 1.15) 0.5 | ek & 51.7 | 90 
0.173 14.7 | 29.0) 0.80) ... | 1.30) 0.2 | 0.15 66.0 98 
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atoms or less. This is a good indication of the complexity of the secondary 
reactions involved; apparently once the hydrocarbon radical is formed, it 
undergoes rapid atomic cracking and hydrogenation reactions until the rela- 
tively inert methane molecule is formed. There was no evidence for the for- 
mation of any cyclohexane or cyclohexene, which might have been expected 
in the event of hydrogenation of the benzene without ring split. The benzene 
recovered after reaction with D atoms was found to have undergone exchange 
to a considerable extent. 

Single experiments were made with each of the normal paraffins for com- 
parison purposes. The reaction products were almost exclusively methane in 
each case. All the normal paraffins were found to be partially exchanged in the 
deuterium experiments. 


Calculation and Discussion of Collision Yields 


The collision yield can be defined as: 
The rate of the primary process 





The number of collisions per cc. per sec. 
The numerator is determined experimentally; the denominator, the collision 
number, can be calculated from kinetic theory. The values for the collision 
diameters used in these calculations were obtained from viscosity data (13); 
2.1 A for H, 4.2 for C3Hs, 4.8 for CaHio, 5.2 for CsHiz, 5.8 for CeHus, 4.0 for 
cyclo-C3He, 5.2 for cyclo-CgH 2, and 5.0 for CgH¢. Values of 4.4 and 4.8 A were 
obtained by interpolation for cyclo-C4Hs and cyclo-C;H io respectively. The de- 
tails of the calculations of collision yields for the cvcloalkanes are shown in Table 
I]. The experiments marked D in column 1 of the table refer to deuterium experi- 


TABLE II 
CALCULATION OF COLLISION YIELDS FOR THE CYCLOALKANES 


Hydro- 


carbon Atom Partial |n..s F4 va I ves Per | Collision) Collision 
flow flow, yressure Reaction in Percent) cent cent | yieldfor| vield 
aan (OCs OE pat time, as methane!) other : er as vials , 
cc. per | in at of atoms, sat reaction | ‘foemed pro- ex- | reaction exchange 
_ NTP |™m. Hg time(¢) daaeeat) change} X 10’ X 103 
Cyclopropane 
113 38.4 175 59 |25.8X105} 2.50 <0.1 097 
.430 12.9 .070 .67 11.3 0.50 .044 
588 10.1 .056 .68 9.2 ee .127 
.225 9.5 .052 .68 8.4 0.90 107 
1.092 12.1 066 .68 11.0 1.32 . 120 
916 20.5 105 64 21.8 2.05 .094 
.244 45.1 .193 38 | 27.0 1.16 .043 
.635 29.0 133 .62 | 19.8 2.10 . 106 
660 18.9 | .098 65 | 15.3 2.03 133 
160 | 11.5 .063 .68 10.7 2.76 . 258 
.269 | 14.3 082 .65 12.9 1.45 i 
.252 15.1 .092 .67 14.7 1.36 .092 
406 14.3) .089 .70 14.9 1.36 .091 
.257 19.9 .109 .62 16.3 2.30 141 
| | | 
050(D)! 20.6 .140 .88 21.0 4.4 <0.1 eo; 2 0 
.046(D)| 4.1] .085 oF | 8.8 2.9 0; .50 0 
.067(D)| 20.0 tee | .90 | 16.3 5.8 | 0; .36 0 
.104(D)! 14.5 105 | .92 21.0 | 4.5 l 0| .21 0 
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TABLE II1—Continued 





| ] | 
Hydro- | | 





























carbon peng | Partial a ae Z P | Per | Per | Cc ollision| Collision 

flow, | ” | Pressure | oe i ase ace pa | cent | yieldfor| yield 
cc. per pa gen of — sec, | reac ey em | rom | Avot | rr 3 jexchange 

min. mm g ; time(¢ | chan e| x > < ‘ 

NTP | NTP | | | ducts(4)} 8 | 

| | | | | | 

Cyclobutane 

.267 16.1 | .097 .67. | 17.9 13.4 | >0.1 | 75 

253 | 18.5) .082 | .67 | 15.1 12.8 | | .85 

168 | 11.2} .068 70 | 12.6 | 17.1 | | 1.4 

077 9.4; O69 | 71 10.9 | 17.8 | 1 Le 

227 | 10.0] .065 | .70 | 11.9 12.9 | | 1.1 

.134 13.8; .082 | .69 | 14.6 | 14.9 1.0 

171(D)} 10.0} .064 | 1.00 | 12.7 | 33.6 | >0.1 | | 2.6 | 0 
.253(D) 9.2 053 1.02 | 10.7 34.0 0| 3.2 | 0 
.043(D)} 12.0} .073 99 | 14.3 23.0 Si-te i 0 
Cyclopentane 

692 14.8 | 019 | .55 | 82 26.8 2.4 | 

373 16.6 .059 | .55 9.9 23.9 5.3 | 

.508 13.3) .041 | .54 7.7 14.3 1.6 

518 10.1 | .031 | .55 6.1 11.4 | - 1.4 | 

201 | 200) .066 | .51 | 10.2 | 33.0 2.6 | 

169 | 14.7| .052 | .54 | 8.4 29.0 2.4 | 

.223(D), 8.30} .077 | ~.82 | 14.0 47.8 26.4 3.4 1.9 
.143(D)| 8.30! .077 | .82 | 14.0 55.9 34.0) 4.0 2.4 
.096(D)| 3.87 | .037 | .86 7.1 41.4 | 35.7| 5.9 5.1 
190(D)| 5.46 | .050 | (83 | 9.3 33.1 | 41.71 3.6 4.4 
.266(D)} 3.75 | .082 |  .87 6.2 | 24.0 | 51.0 3.9 8.3 
.270(D)} 3.36! .082 | .85 6.1 24.0 m2; 3.9 | 8&3 
.502(D)| Diffusion into Discharge 

-269(D)| 1.91 | .017 | = .79 3.8 18.6 | 48.8]; 4.9 11.6 
202(D), 2.49] 020 | 77 a7 26.0 41.8 7.0 11.2 
060(D), 1.91 | .016 | — .82 2.6 17.4 54.2 6.2 20.9 
119(D)| 3.20} .028 | .77 4.8 32.0 46.0! 6.7 9.5 
.319D)) 1.47} .018 | 77 2.1 11.8 40.7 | 5.6 19.4 
.249(D)} 1.40] .013 | .77 2.1 | 12.4 | 37.5| 5.9 17.5- 
.280(D) 1.75 | .017 | 75 2.8 16.9 | 40.2 6.0 14.4 
Cyclohexane 

| 

381 14.0 | .060 | .483.| 9.9 11.6 1.5 1.3 

.376 14.5 063 | .43 | 10.5 8.9 L.1 1.0 

390 | 9.3 044 | .45 7.6 5.8 0.5 | 0.82 

.079 5.5 026 | .46 46 | 8.7 1.0 1.80 

.092 6.4 032 | .47 5.7 | 10.4 | 0.5) | 1.90 

101 | 4.7 | .024 46 | 4.3 6.5 | 0.4) | 1.61 | 
108(D)) 8.3 | .056 | .60 | 9.1 30.1 | | 33.0) 3.3 | 3.6 





(a) The number of collisions of 1 hydrocarbon molecule with H or D atoms in the reaction time. 
(6) In the deuterium experiments other products when determined are grouped together with the 
methane. 


ments.- The collision yields for all the hydrocarbons along with their mean 
deviations are shown ‘in Table III. Column 2 of Table III gives the collision 
yields for the hydrogen experiments calculated from the rate of hydrocarbon 
disappearance. Column 4 gives the same data for the deuterium experiments, 
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while column 6 gives the collision yields for the exchange process; column 7 is 
the sum of columns 4 and 6. The average value for the percentage of hydro- 
carbon which has undergone exchange is given in column 6; this will, of course 
depend upon the D atom concentration. Activation energies are given in 
column 3 for the H atom reactions and in column 8 for the D atom reactions; 
the latter were calculated from the combined collision yields for exchange and 
decomposition. In making these calculations a value of 0.1 has been chosen for 
the steric factor, in the expression 


collision yield = A.e~®/* 


since this has been the custom in the past in dealing with H atom reactions. 
However, a great deal of evidence is accumulating which indicates that many 
free radical reactions have very low steric factors (ca. 10~*). There appears to 
be no way at present of deciding if steric factors are low for H atom reactions. 
If they also should prove to be very low then the activation energies reported 
may be greatly in error. However, this has no effect on any arguments con- 
cerning relative reactivity which are based on collision yields. 


The reason for the uncertainty in the case of benzene becomes apparent 
when the stoicheiometry of the reaction is considered. At least 18 H atoms are 
required to transform one molecule of benzene into methane. Since this reaction 
is rapid there is a serious depletion of H atoms even at the flow rates used in 
these experiments, which results in too low a value for the collision yield. (Robb 
and Melville (7) have recently reported a collision vield of 7 X 10~ for this 
reaction calculated from the rate of hydrogen atom disappearance.) 


It will be seen from Table II] that cyclopropane is more inert than the other 
cycloalkanes, with cyclopentane being the most reactive. It is interesting to 
note that this is the same order of reactivity found by Trotman-Dickenson and 
Steacie (16) for the reactions of methyl radicals with the cycloalkanes. The 
inertness of cyclopropane may seem somewhat surprising although the rate 


TABLE III 


COLLISION YIELDS AND ACTIVATION ENERGIES 


H atoms D atoms 


Activa- Collision Activa- 











Collision Total 
Hydrocarbon Collision tion yield for Average | yield for Collision tion 
Yield X 107 | energy, reaction W/ exchange yield energy, 

kcal. x 107 exchange xX 10° xX 10° kcal. 
Cyclopropane | 0.11 + .03 9.5 344 .1 0 0 3441.1 9.3 
Cyclobutane ll +. 8. 2.5 + .5 0 0 [2.5 + .5 | 
Cyclopentane | 3.0 + .6 7.5 |5.2 41.1 40 10.4+5.0 15.6 +6.1 6.6 
Cyclohexane 144.4 8.0 (3.3 33 3.6 | 6.9 7.2 
Benzene > 5 aa = >40 > 10 > 15 <6 
Propane | 0.46 8:6 | 1.18 6 2 1.2 8.0 
n-Butane 0.31 8.9 .65 13 .50 1.5 7.9 
n-Pentane 0.59 8.5 .66 36 1.38 2.0 7.8 
n-Hexane 0.22 9.1 94 50 1.90 2.8 8.0 
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determining step probably does not involve the strained ring configuration but 
rather the rupture of a C-H bond which could be stronger than the C-H bond 
in normal paraffins. With the exception of cyclopropane the cycloalkanes react 
somewhat more rapidly than their straight chain counterparts. The fact that 
the cyclic hydrocarbons possess only secondary bonds scarcely seems sufficient 
cause for these differences. 


Since only single experiments were conducted with each of the normal paraf- 
fins no significance can be attributed to the differences in their collision yields, 
which are within the estimated experimental error. The collision yields com- 
pare quite favorably with previously published values. 


The percentage decompositions in the deuterium experiments are all some- 
what larger than for the corresponding H atom experiments. Since the atoms 
do not possess zero point energies the differences, if real, must be attributed to 
the energy differences in the activated complexes. However, these differences 
may be largely superficial since it was noted during blank experiments that the 
D atom concentrations decreased more slowly with time than did the H atom 
concentrations. Hence the procedure of using the average of the atom concen- 
trations measured before and after each experiment may involve errors suffi- 
ciently large to account for the different rates.* The main point of interest in 
the deuterium experiments lies in the degree to which the hydrocarbons are 
exchanged. In the case of cyclopropane and cyclobutane no exchange occurs, 
while cyclopentane, cyclohexane, and benzene undergo considerable exchange. 
In the case of the normal paraffins it will be seen that the degree of exchange 
increases with increasing molecular weight. This appears to be in disagreement 
with the work of Steacie and Parlee (12) who found that C3;Hs does not ex- 
change with D atoms at room temperature, and with Trenner, Morikawa, and 
Tayior (14) who found no exchange with either C3;Hs or n—C4Hio. However, 
we have already mentioned that the mass spectrometer method is much more 
positive and sensitive a test than those employed by these workers. Thus the 
6% exchange which we observed in the case of propane (which was mainly 
C;H;D) would correspond to less than 1% deuterium content by the method 
of Steacie and Parlee. 


The exchange of a hydrocarbon may be conceived to occur by one of the 
following mechanisms: 


A. RH +D-—-R + HD (1) 
R + D:— RD + D (2) 
B. RH +D-—R8 + HD (1) 
R + D — RD* (2) 
RD* + M— RD +M (3) 


C. RH + D — (H-R-D)— RD + H 


* It may be argued that the reaction time is greater in the case of deuterium owing to its slower 
flow rate. Experimental measurements showed the relative fow rates of H2 and Dz to be 1.41, i.e., 
the inverse ratio of the square roots of their masses. From the kinetic theory of viscous flow it can 
be shown that this corresponds to equal collision diameters for H2and D2. Since the reduced masses 
in the expression for the collision number are nearly in the inverse ratio of the square roots of ihe 
masses of Hz to D2 these effects should nearly cancel. 
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The reaction of methyl radicals with H. has been shown to occur with an 
activation energy of about 9 kcal. and a low steric factor. It is to be expected 
that the activation energy should probably increase and the steric factor de- 
crease for reaction A (2) with more complicated hydrocarbon radicals. Hence 
mechanism A would not be expected to play a very important part in exchange 
processes at room temperature. However, the increase in the ratio of hydro- 
carbon decomposed to hydrocarbon exchanged with increasing atom concen- 
tration observed in the case of cyclopentane suggests that this mechanism may 
contribute slightly to the exchange process. 


The radical recombination mechanism B provides an alternate fate for the 
hydrocarbon radical to that of ‘atomic cracking”. It is similar to the mech- 
anism first proposed by Taylor (14) to explain the high degree of deuteration 
of the methane formed in D atom reactions: 

CH; + D — CH;D*— CH:D + H etc. 
The quasi-deuteromethane can be stabilized only by collision with the wall 
or some other third body. The lifetime of the quasi-molecule is probably quite 
small and so there is a good probability of the splitting off of an H atom. This 
process recurs until there are only CD; radicals reacting with a large excess of 
D atoms and eventually a three body collision will occur to produce a stable 
CD, molecule. 


Trenner, Morikawa, and Taylor (14) suggest that the three body restriction 
is also important for the combination of D atoms with propyl and butyl 
radicals, although their experimental evidence is not very clear. If exchange 
does occur by mechanism B then our results show that the three body re- 
striction is much less important for the compounds investigated. Fig. 1 repre- 
sents a typical mass spectrum of the cyclohexane recovered after reaction with 
D atoms. Mass 84 is the parent peak of cyclohexane and so the subsequent 
peaks will be nearly proportional to the amount of each deuterated cyclo- 
hexane present. We see that they decrease regularly from CsHi:D to CsDi2, the 
reverse order to that observed for the deuteromethanes formed from this re- 
action. On the basis of mechanism B this simply means that for so complex a 
molecule sufficient degrees of freedom exist for the sharing of the excess energy 
that the collision time exceeds the average lifetime of the quasi-molecule, and 
the amounts of the various deuterocyclohexanes are those expected on a prob- 
ability basis. The absence of deuteration in pairs also suggests that the excess 
energy does not remain localized at any single carbon atom in the molecule. 
Completely analogous spectra were obtained from the other hydrocarbons 
reacted with D atoms. 


The reason for the absence of deuteration in the cases of cyclopropane and 
cyclobutane may lie in the strained structures of these compounds. Thus if 
the cyclopropyl and cyclobutyl radicals possess strain energy then they may 
be expected to decompose upon collision with a D atom with little likelihood 
of being stabilized. Cyclopentyl and cyclohexyl radicals on the other hand are 
relatively free from strain and could be readily stabilized. 
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In the case of the normal paraffins, mechanism B suggests that as the 
number of degrees of freedom increases, the average lifetime’ of the quasi- 
molecule should also increase. This predicts increased deuteration up the series 
which is in accord with experimental observation. However, we would expect 
the amount of exchange to increase at the expense of the amount decomposed 
if the rates of the initial process were the same for all the normal paraffins. 
Experimentally, the amount decomposed remains essentially constant through- 
out the series. To be tenable, mechanism B therefore requires an increasing 
rate for the initial process equal to the increasing rate of exchange. If this is so, 
then the collision yields for exchange reaction must be added to the collision 
yield for the decomposition reaction in order to obtain the collision yield of the 
primary process. 


If mechanism C is operative then the collision yields should not be added 
since they represent different initial steps. The absence of exchange with cyclo- 
propane and cyclobutane must be attributed to the inability of the strained 
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structures to undergo the Walden type inversion, whereas the increasing degree 
of exchange in the normal paraffins require the inversion to occur more readily 
the greater the number of degrees of freedom in the molecule. According to 
this mechanism deuteration need not occur at the expense of the decomposition 
reaction. It will also be unnecessary to invoke the concept of the three-body 
collision in this case to explain the mass spectra of the deuterated hydro- 
carbons. A comparison of our results with the two experiments of Robb and 
Melville (6) with m-hexane and cyclohexane lends support to this mechanism. 
They calculated collision yields from the rate of disappearance of H atoms 
which are in fair agreement with our collision vields calculated on the basis of 
decomposition alone, if the same values for collision diameters are used in both 
calculations. There is considerable disagreement, however, when their results 
are compared with the sum of our collision yields for decomposition and 
exchange. The use of mechanism C removes this discrepancy since there is no 
net decrease in atom concentration as a result of the exchange process. 


Summing up then we may say that the reaction 
H + RH—>R + Hz 
followed by ‘‘atomic cracking’’ reactions is undoubtedly responsible for the 
products formed in the reactions of H and D atoms with benzene and the 
cycloalkanes as well as with normal paraffins. Other initial processes, however, 
may be responsible for the exchange of these hydrocarbons with D atoms. 
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THE PAPILIONACEOUS ALKALOIDS 
VIII. THE STRUCTURE OF THERMOPSINE! 


By WILi1AM F. CocKBURN? AND L&O MARION 


Abstract 


Thermopsine, an isomer of anagyrine, is associated with the latter in nature, 
but differs from it in chemical reactivity. Evidence, both chemical and from 
the infrared spectra, indicates that the molecule of thermopsine contains an 
a-pyridone ring, and possesses a structure closely related to that of anagyrine. 
Catalytic reduction of the alkaloid yields a-isosparteine, a stereoisomer of 
sparteine. It is therefore suggested that thermopsine is a stereoisomer of 
anagyrine, to which it bears the same relationship as a-isosparteine to sparteine. 
The stereochemistry of these bases is discussed. 


Thermopsine, one of the Lupin alkaloids, was first isolated, in its levoro- 
tatory form, from Thermopsis lanceolata R. Br. by Orechov (10), who made a 
preliminary study of its properties. It was subsequently identified in T. rhom- 
bifolia (Nutt.) Richards by Manske and Marion (5), while more recently its 
optical enantiomorph, d-thermopsine,* has been found in one of the Lupinus 
species by Marion and coworkers (8). 


The early structural investigation by Orechov (10) showed the alkaloid to 
be a strong, monoacidic tertiary base of empirical formula C;;H29N.O, with 
an optical rotation of [a]p’ = — 159.6° in ethanol, and having no active hydrogen 
in the molecule. The second nitrogen atom and the oxygen atom were found 
to be neutral, indicating the presence of an amide group, although the base, 
like lupanine, is stable to acids and alkalies. It rapidly decolorized potassium 
permanganate, and could be catalytically hydrogenated to give a crystalline 
tetrahydro derivative isomeric but not identical with lupanine. Since no active 
hydrogen was detected in this product, it was concluded that thermopsine 
contained two double bonds. Electrochemical reduction of thermopsine gave 
a crystalline solid in poor yield, having the empirical formula CisHesN.O. It 
had a melting point of 112—113°C., [a]p = +55.9°, and was found to contain 
one active hydrogen. Orechov (9) concluded from the analytical results that 
this derivative had been formed by ring cleavage, and assumed, on the basis 
of a weak Liebermann test with nitrous acid, that it contained a secondary 

1 Manuscript received September 25, 1950. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 


Issued as N.R.C. No. 2282. Presented at the second summer seminar in the chemistry of natural 
products, University of New Brunswick, Fredericton, N.B., August 24, 1950. 

2 National Research Council of Canada Postdoctorate Fellowship holder. 

3 dl- Thermopsine, made by mixing equal weights of the d- and l-base, crystallized from acetone 
in prisms, m.p. 171-173°C. (corr.). The picrate crystallized from methanol-acetone, in both 
needles and square plates. The melting point was 250-251°C. (corr.) if the sample was dried in 
vacuo, or was heated slowly, but insertion of the undried salt at any temperature over 200°C. caused 
immediate frothing due to loss of solvent, the sample then resolidifying and melting again at 251°C. 
This phenomenon was obtained only with one sample of picrate, however, and may explain the 
melting point 208-209°C. quoted by Orechov (10) for l-thermopsine picrate. Solvation thus ap- 
parently depends on the ‘exact conditions of crystallization. The perchlorate crystallized from 
methanol in clusters of cottony needles, m.p. 260-263°C. (uncorr.). 
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nitrogen atom. Thermopsine itself failed to add cyanogen bromide, while its 
methiodide and that of tetrahydro thermopsine gave completely negative 
results with the Hofmann and Emde methods of degradation, the bases being 
recovered unchanged. 


Thermopsine is isomeric with anagyrine, the two bases being found assoc- 
iated in nature (5, 11, 6). Their infrared spectra, taken in carbon disulphide 
solution with a rock-salt prism, although different, show a striking similarity 
(Fig. 1). There is also strong spectroscopic evidence for the presence in ther- 
mopsine, as in anagyrine, of an a-pyridone ring. In the table, the position of the 
infrared carbony! peak for thermopsine is compared with those of several other 
alkaloids containing the lactam grouping (7). It is readily seen that the fre- 
quency of the thermopsine band is almost identical with those of anagyrine, 
cytisine, and N-methylcytisine, the only members of the series whose lactam 
group is incorporated in an a-pyridone ring, while differing more or less mark- 
edly from the others. Furthermore, in tetrahydrothermopsine, the peak is 
shifted from 1653 cm.~ to 1613 cm.~, this value being close to that for lu- 
panine, which contains an a-piperidone ring, and is the hydrogenation product 
of anagyrine. The difference of nine wave numbers may be attributable to 
greater susceptibility to deformation of the piperidone ring as compared with 
the more rigid pyridone ring. The above evidence is reinforced by the fact that 
thermopsine gives a red color with aqueous ferric chloride, a reaction given by 
other compounds containing an a-pyridone ring. 


The two double bonds and the neutral oxygen and nitrogen atoms are thus 
accounted for, and it remains to determine the basic skeleton of the alkaloid. 
In spite of its obvious relationship with anagyrine, thermopsine behaves rather 
differently towards many of the standard chemical reagents. Since most of 
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Fic. 1. Infrared spectra measured on Perkin-Elmer spectrometer with sodium chloride prism, 
1 mm. cell. Alkaloids in carbon disulphide solution, 10 mgm. per ml. 
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TABLE I 


POSITION OF THE CARBONYL PEAK IN THE INFRARED SPECTRA OF 
ALKALOIDS CONTAINING THE LACTAM GROUP* 








| 





ave | Wave 
Alkaloid (a-Pyridones) number,| Alkaloid (a-Piperidones) number, 
cm.! | cm.—! 

\ en ee ee a ae oe a ae a ae = 
Thermopsine 1653 Tetrahydrothermopsine 1613 
Anagyrine 1652 | Lupanine | 1622 
Cytisine 1653 Aphyllidine | 1628 
N-methylevtisine 1653 Oxosparteine | 1636 

Hydroxylupanine 1624 





* Spectra were taken in chloroform solution, using a calcium fluoride prism 


these results are negative, it is not proposed to describe them in great detail 
here, but some may be mentioned. Whereas anagyrine is readily oxidized by 
barium permanganate to anagyramide (2) thermopsine is unattacked by mild 
oxidizing agents such as hydrogen peroxide and potassium ferricyanide, and 
completely broken down by permanganate and lead tetraacetate, giving only 
unidentified gums and oils, along with unchanged thermopsine, even after 
addition of 12 atoms of oxygen. Ozonolysis gave only undistillable amorphous 
products, again in contrast to anagyrine, while the base distilled unchanged 
from zinc dust at 400°C. Dehydrogenation with selenium at 300°C. gave a 
complex mixture of bases, which could be separated by a series of chromato- 
grams into at least nine pure substances, all of which were still of relatively 
high molecular weight, and were in insufficient amount for further degradation. 
These compounds are listed in the experimental section. 


The most useful information has come from hydrogenation with platinum 
oxide catalyst in hydrochloric acid solution. Using this method, Galinovsky 
has carried out an interesting series of reactions in the sparteine group of 
alkaloids, which consisted of the conversion of pyridone and piperidone rings 
to the fully saturated form, without causing any alteration in the basic skel- 
eton (1). Thus d-lupanine was converted to /-sparteine, anagyrine to d-spar- 
teine, and cytisine to tetrahydrodesoxy cytisine. When thermopsine was hydro- 
genated under these conditions, and the reaction interrupted after an uptake 
of two molecules of hydrogen, relatively impure‘ tetrahydrothermopsine was 
obtained (10). If the reaction were allowed to go to completion, however, four 
molecules of hydrogen were absorbed, with the formation of a fully reduced 
compound of empirical formula Ci;H26N2, isolated as the hydrate, which was 
identical in its properties with the hydrate of ‘‘a-isosparteine’’ obtained by 
Winterfeld and Rauch (12) by hydrogenation of a-didehydrosparteine, and by 

44 purer product was obtained by carrying out the reaction in glacial acetic acid, the reaction then 
stopping at the tetrahydro stage. Our compound differed markedly in its properties from that 
described by Orechov (10), however. (See Experimental section.) While it is theoretically possible to 


obtain two stereoisomers on saturation of ring A, it appears that the remainder of the molecule exerts 
sufficient influence to give a substantially pure product. 
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Leonard and Beyler (3) as a by-product in their synthesis of sparteine. Thus 
l-thermopsine gave d-a-isosparteine, while d-thermopsine gave /-a-isospar- 
teine.® Identity was confirmed by direct comparison with /-a-isosparteine ob- 
tained from /-sparteine (3, 12). No sparteine was detected in the product, 
which again indicates that saturation of the carbon atom at position 6 with 
platinum oxide catalyst gives but one of the two possible configurations (cf. 
footnote 4). 


The relationship between thermopsine and anagyrine must therefore be 
similar to that between a-isosparteine and sparteine, and the problem becomes 
one of stereochemistry. Thus sparteine and a-isosparteine can be represented 
by formula I, lupanine and tetrahydrothermopsine (or “‘a-isolupanine’’) by II, 
and anagyrine and thermopsine (or ‘‘isoanagyrine’’)® by III. 
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4; \/ \ X 14 } . N N 
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The stereochemistry of the sparteines has been discussed fully by Leonard 
and Beyler (3). Of the four asymmetric carbon atoms in the molecule, Nos. 
7 and 9 are fixed by the rigid methylene bridge, leaving only Nos. 6 and 11 to 
be considered; and the relationship between these depends on whether the 
attached hydrogen atoms are cis or trans to the Cs methylene bridge. There 
are thus four modifications possible for the lupanine skeleton (11), each capable 
of existence as d- or /-isomers, but only three for sparteine, which possesses a 
twofold axis of symmetry through carbon atom No. 8. Since the a-pyridone 
alkaloids (II1) possess no hydrogen atom on carbon atom No. 6, however, we 
only have to consider the configuration on No. 11; and there are thus only twe 
pairs of enantiomorphs possible, one in which the hydrogen atom is cis, and the 
other trans. It is impossible on present evidence, however, to assign these 
structures finally between thermopsine and anagyrine. Both d- and /-thermop- 
sine, and /-anagyrine are now known, and only d-anagyrine remains to be found 
in nature. 


Experimental’ 
Oxidation 


(1) Thermopsine, 0.244 gm. (0.001 mole), was dissolved in 20 ml. water at 
room temperature, and 1 ml. of 30% hydrogen peroxide added. No reaction was 
observed, the base being recovered unchanged even after several weeks. (2) 


5]t is almost certain that the “‘ring-cleavage product’ obtained by Orechov (9) by electrochemical 
reduction of thermopsine was d-a-isosparteine hydrate. 

6 Because of the presence of an a-pyridone ring in the molecule, only one 
sible, and the ‘‘a’’ can be discarded. 

TAI melting points are corrected, unless otherwise stated. 


‘ 


‘isoanagyrine”’ is pos- 
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Thermopsine, 0.976 gm. (0.004 moie), was dissolved completely in 100 ml. of 
water, and the solution treated at room temperature with 5.264 gm. (0.016 
mole) of potassium ferricyanide and 0.8 gm. (0.020 mole) of sodium hydroxide 
in 20 ml. of water. The mixture was examined after standing for 60 hr., when 
0.723 gm. of thermopsine was recovered unchanged, along with a small quan- 
tity of unidentified oils. (3) Thermopsine, 0.488 gm. (0.002 mole), in 50 ml. 
water was treated gradually with 10% aqueous barium permanganate (0.5 
gm.) at 25°C. After filtration from manganese dioxide, the aqueous solution 
was examined for products, but only starting material could be identified. 
(4) A solution of thermopsine in acetone containing 5-10% water was treated 
with varying amounts of powdered potassium permanganate, the reaction 
being kept approximately neutral by the addition of glacial acetic acid. The 
precipitated manganese dioxide was converted to manganese sulphate by 
means of gaseous sulphur dioxide, and removed by filtration. The acetone 
solution yielded a variety of unidentified oily products, along with unchanged 
starting material. (5) Thermopsine, 0.244 gm. (0.001 mole), was dissolved 
in dry benzene, and treated with solid lead tetraacetate until a positive test 
was obtained with starch—iodide paper. The end point was indefinite, but 
the reaction was stopped after the addition of 1.700 gm. (0.004 mole) of re- 
agent. After filtration, the clear yellow solution was examined for products, 
but only a small amount of unchanged base could be identified. 


Ozonolysis 


A solution of 0.488 gm. (0.002 mole) of thermopsine in carbon tetrachloride 
was treated with 0.2 gm. (0.004 mole) of ozone, with the formation of a greenish- 
white flocculent precipitate. Water was added, and the carbon tetrachloride 
distilled off on the steam bath, leaving a red aqueous solution. Some sodium 
bisulphite was added, followed by excess ammonium hydroxide, and the solu- 
tion extracted with chloroform, giving a pale amber solution. Removal of the 
solvent yielded a brown gummy residue which failed to give rise to deriv atives, 
and could not be distilled up to 210°C. at 0.1 mm. pressure. 


Zinc Dust Distillation 


Powdered thermopsine was mixed intimately with 25 times its weight of 
zinc dust, and placed in a Pyrex tube between plugs of pure zinc dust. Pro- 
vision was made for trapping the emergent gases in “Dry Ice’’. A slow stream 
of dry nitrogen was passed through the apparatus and the tube heated in an 
electric oven to 400-430°C. The bulk of the material was found to distill 
unchanged. 


Dehydrogenation with Selenium 


Thermopsine (2.84 gm.) was heated with 8 gm. of black selenium in a slow 
stream of nitrogen, at 300°C. for five hours, provision being made for trapping 
the escaping vapors in ‘‘Dry Ice’’. After cooling, the reaction mixture was 
triturated with hot benzene, until nothing further would dissolve. The yellow 
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benzene solution was extracted with dilute hydrochloric acid, the aqueous solu- 
tion basified, and exhausted first with ether, then with chloroform. The latter 
extract was concentrated, and the residual oil distilled in vacuum, giving a 
yellow oil and a yellow solid. The oil failed to form derivatives but the solid 
could be recrystallized from benzene — petroleum ether in cream-colored 
needles, m.p. 143°C. Calc. for CisHisN2O: C, 74.35; H, 7.49; N, 11.57. 
Found: C, 74.47; H, 7.18; N, 11.59. The infrared spectrum was taken in 
chloroform with a calcium fluoride prism, and showed peaks at 1653 cm.7! 
(probably a-pyridone carbonyl), 1613 cm.~', and 3385 cm.~! (probably NH). 


The ether extract above was concentrated to an oil, and the mixture of 
bases separated by repeated chromatography on alumina of activity II into 
eight pure substances and several fractions which could not be characterized. 
None of these was obtained in sufficient quantity for further study, and, in 
most cases, only the picrate was isolated, the free base being oily. These com- 
pounds are listed briefly below :— 

1. Bright yellow needles, m.p. 137-138°C. Calc. for CisHiz2NeO: C, 76.22; 
H, 5.12; N, 11.86. Found: C, 76.57, 76.63; H, 4.96, 4.79; N, 12.50. The infra- 
red spectrum was taken in chloroform with a calcium fluoride prism, and 
showed peaks at 1633 cm., 1661 cm.“ (probably carbonyl), and 1590 cm.~! 
(probably aromatic heterocyclic nucleus) with smaller peaks at 1552 cm.~! and 
3593 cm.~!. This compound formed orange-red salts, possibly indicating a 
mesomeric distribution of the ionic charge between the two nitrogen atoms, a 
type of behavior reminiscent of the quinolinoquinolines (4). 
Perchlorate. Red-orange rectangular plates, m.p. 244°C. Calc. for Cis 
Hy2N2O.HCIO,: C, 53.52; H, 3.89, N, 8.33. Found: C, 53.06; H, 3.88; 
N, 7.70. 
Picrate. Orange flocculent needles, m.p. 213-216°C. (dec.). 
Hydrochloride. Orange clusters of needles, m.p. 200—205°C. (dec.). 


2. Picrate only. Yellow feathery needles, which melted at 192—193°C., then 
resolidified and melted again at 216-217°C. Calc. for CisH2oN2.2CsH3N;0;: 
C, 47.24: H; 3.82: N, 16.32. Found: C, 47.56, 47.72: H, 3.73, 3.72, N, 16.14. 


3. Picrate only, vellow parallelogram-shaped prisms, m.p. 219-221°C. Cale. 
for CisHisN2.2CsH3N3;07: C, 47.51; H, 3.25; N, 16.48. Found: C, 47.48, 
47.51; H, 3.23, 3.18; N, 16.33, 16.15. 

4. Picrate only, yellow spear-shaped needles, m.p. 174-175°C. Calc. for 
CyuHigNo.CsH3N307: C, 54.48; H, 4.34; N, 15.87. Found: C, 54.40, 54.26: 
H, 4.50, 4.33; N, 15.45, 15.66. 

5. Perchlorate only, long colorless prismatic needles, m.p. 187-188°C. Cale. 
for CyHizN.HCIO,: C, 56.10; H, 6.05; N, 4.67. Found: C, 56.25; H, 6.37; 
N, 4.57. 

6. White crystalline solid, m.p. 101-102°C. Calc. for CisHiiN: C, 87.02; 
H, 5.74. Found: C, 87.28; H, 5.20. 
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Picrate. Pale yellow needles, m.p. 238-239°C. Calc. for CisHiiN.CeHs 
N;0;: C, 56.89; H, 3.34; N, 13.27. Found: C, 57.58, 57.38; H, 3.28, 
3.15; N, 13.03, 12.83. 


Perchlorate, very fine needles, m.p. 290—-295°C. (dec.). 


7. Picrate only. Long yellow needles, m.p. 197-199°C. Calc. for CisHi2No. 
C.H;N;0;: C, 53.65; H, 3.55; N, 16.46. Found: C, 53.81, 53.94: H, 3.81; 
3.90, N, 16.73. 


8. Picrate only. Long yellow needles, m.p. 233-234°C. Insufficient for 
analysis. 


Hydrogenation 


(1) Tetrahydrothermopsine 


l-Thermopsine, 0.488 gm. (0.002 mole) was dissolved in 20 ml. glacial 
acetic acid plus 500 mgm. of platinum oxide catalyst and hydrogenated at 
slightly increased pressure at 25°C. Absorption of hydrogen after three hours 
was 170 ml. Saturation of two double bonds requires 103 ml., plus approxi- 
mately 90 ml. to activate the catalyst. The solution was filtered from the 
catalyst, and the acetic acid removed by vacuum distillation. The oily residue 
was dissolved in 25 ml. of water, and 25% sodium hydroxide solution slowly 
added dropwise, yielding a crystalline precipitate which was filtered off. The 
base was dissolved in ethanol, and treated with fuming hydriodic acid, where- 
upon a yellowish hydriodide separated in sheaves of needles. After one re- 
crystallization, this salt melted at 293°C. (uncorr.) with decomposition. 
(Orechov reports a m.p. of 295-296°C. for this compound (10).) On treatment 
with alkali, extraction with ether, and distillation, 330 mgm. of the hydriodide 
yielded 206.5 mgm. of free base in a pure condition, or 62.6% by weight of the 
salt, compared with a theoretical 66% for the monohydriodide. If the formula 
were Ci;H2sN2O.2HI.3CH;0H as claimed by Orechov, the proportion of free 
base would be only 41.3%. An elementary analysis has not yet been obtained 
of this salt, however, and the matter must remain in doubt. The free base was 
crystallized twice from petroleum ether (b.p. 65°C.), being obtained in rect- 
angular plates, m.p. 74-75°C. Orechov reports this as 75.5-76.5°C. (10). Cooling 
the mother liquors in the refrigerator yielded a further crop with a m.p. 73- 
80°C., which changed on standing at room temperature for some weeks to 
74-75°. This is apparently due to the existence of isomorphous forms of the 
free base. Calc. for CisHoNoO: C, 72.52; H, 9.74; N, 11.29. Found: C, 
72.08, 71.90: H, 10.17, 10.00; N, 10.98. [a]fj*’= —64.3° (c, 2.44 in ethanol). 
The rotation given by Orechov (10) for tetrahydrothermopsine is [a]p= 
— 52.23° (c, 8.5 in ethanol). The infrared spectrum was taken in chloroform 
solution using a calcium fluoride prism, and showed a Jarge peak at 1613 cm.~! 


The picrate was made by addition of one equivalent of picric acid in ethanol, 
and purified by recrystallization from the same solvent. Yellow needles, m.p. 


196-198°C. (dec.). Cale. for CisHeyNeO.CsH3N;07: C, 52.82; H, 5.70. 
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Found: C. 52.90, 53.06; H, 5.67, 5.87. Orechov reports a m.p. of 143-144°C. 
for his picrate but gives no analytical data. 


The perchlorate was obtained in prismatic needles, m.p. 237°C. (uncorr.) 
with decomposition, when introduced into the bath at 220°C. The hydro- 
bromide was prepared in methanol, being obtained in flat, spearlike needles, 
but its melting point was subject to great variation, depending on the exact 
technique employed, and was useless as a means of characterization. 


(2) a-Isosparteine 


/-Thermopsine, 0.488 gm. (0.002 mole), was dissolved in 30 ml. of N hydro- 
chloric acid, plus 300 mgm. of platinum oxide catalyst, and hydrogenated at 
slightly increased pressure and 25°C. (8). The absorption of gas in five hours 
was 248 ml., as compared with a theoretical value of 203 ml. for four molecules 
of hydrogen, plus 50 ml. for activation of the catalyst. The solution was filtered, 
basified with ammonium hydroxide, and extracted thoroughly with ether. The 
ether solution was dried with potassium carbonate, and the solvent removed 
by distillation, leaving an oily residue. This was dissolved in 15 ml. ethanol, 
the solution concentrated, and water added dropwise in the hot to incipient 
turbidity. On cooling, the solution deposited flat colorless needles, m.p. 98— 
114°C., this figure being unaltered by recrystallization from aqueous ethanol. 
(Reported for /-a-isosparteine, 98-115°C. (3).) Cale. for CisHosN2.H2O: C, 
71.38; H, 11.18; N, 11.10. Found: C, 71,57, 71.44; H, 11.48, 11.30; N, 11.37. 
[oli = + 55.6°(c, 3.290 in methanol). (Reported for /-a-isosparteine [a]j’ = 
— 55.8° (c, 7.216 in methanol (3)).) 


The hydrate was slowly sublimed along a Pyrex tube at 50°C. (0.2 mm.), 
and the tube sealed. The anhydrous base was obtained in colorless plates, m.p. 
65°C. An analysis could not be obtained, however, owing to rapid formation 
of the hydrate in air. 





Dipicrate.—The hydrate (76 mgm.) in ethanol was treated with 138 mgm. 
of picric acid and the solution boiled. On cooling, 147 mgm. of smal] yellow 
rhombic crystals separated, which, after one recrystallization from aqueous 
ethanol, melted with decomposition at 222°C., with previous darkening at 
210°C. (Reported 221° (dec.)(3).) Cale. for CisHosNe.2CsH3sN;07: C, 
46.82; H, 4.66. Found: C, 46.71; H, 5.06. 


Monopicrate.—The hydrate (76 mgm.) in ethanol was treated with 69 mgm. 
of picric acid, and the solution cooled slowly, giving starlike clusters of very 
fine needles, which, after two recrystallizations from ethanol had a m.p. of 
118-119°C. Calc. for CisHogNo.CsH3N;07: C, 54.42, H, 6.30. Found: 
C, 54.15, 54.33; H, 6.43, 6.57. 


Diperchlorate.—Concentrated aqueous perchloric acid was added dropwise 
to an ethanolic solution of the hydrate until the solution was acid to Congo 
red. The salt was obtained in feathery colorless crystals, which after re- 
crystallization from methanol, had a m.p. of 252—255°C. (uncorr.). Calc. 
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for CisHosN2.2HCIOy: C, 41.38; H, 6.48. Found: C, 41.57, 41.51; H, 
6.21, 6.34. 


Bisulphate.—This was prepared by the addition of methanolic sulphuric 
acid to an ethanolic solution of the hydrate. After recrystallization from 
ethanol, the m.p. was 263°C. (uncorr.) (Reported 267°C. (dec.)(3).) 


The same treatment of d-thermopsine yielded /-a-isosparteine, m.p. 98-114° 


C. [ali = — 55.2° (c, 3.425 in methanol). /-a-Isosparteine was also prepared 
from /-sparteine (10, 11), and obtained in flat white needles, m.p. 97-115°C. 
[a] = — 55.3° (c, 4.975 in methanol). A mixture of the two samples melted at 


98-115°C. The dipicrates of both were prepared, and melted, either alone or 
in admixture, at 222°C. (dec.). 
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THE PAPILIONACEOUS ALKALOIDS 


IX. NATURAL OCCURRENCE OF THE ALKALOIDS OF THE 
a-ISOSPARTEINE GROUP! 


By LEo Marion, FRANCOIS TURCOTTE, AND JACQUES OUELLET 


Abstract 


The species of Lupinus under investigation has been found to contain five 
alkaloids: /-a-isosparteine, d-a-isolupanine, d-thermopsine, /-sparteine and d- 
lupanine. The first three had not heretofore been reported as occurring in 
nature. Both d-a-isolupanine and d-thermopsine can be converted by hydro- 
genation into /-a-isosparteine and are both structurally related to this stereo- 
isomer of sparteine. 


In his investigation of Lupinus caudatus Kellogg, Couch (4) reported the 
occurrence of only one alkaloid, monolupine, which has since been shown by 
two of us to be identical with anagyrine (8). It was of interest to reinvestigate 
this plant in order to obtain a supply of monolupine (anagyrine) and also to 
ascertain whether other alkaloids might not be found as well. The plant col- 
lected for us through the kindness of S. B. Penick Inc. was identified 
Lupinus caudatus Kellogg. It was not possible, however, to isolate any ana- 
gyrine from this plant,? but it was found to contain five alkaloids, three of 
which were of very marked interest because of their structural relationship. 
Of the five alkaloids two, /-sparteine and d-lupanine were well known. The 
remaining three, however, alkaloids P5, P6, P7, had not heretofore been re- 
ported as occurring in nature. 


Winterfeld and Rauch (11) have described a stereoisomer of sparteine that 
they called a-isosparteine and that they obtained from /-sparteine by dehydro- 
genation followed by catalytic hydrogenation. Later, Leonard and Beyler (6) 
obtained the racemic a-isosparteine as a by-product in their synthesis of spar- 
teine and they discussed the stereochemical relationship of the two compounds. 
It is probable that the base obtained by Sorm and Keil (10) by the electrolytic 
reduction of their higher melting synthetic dioxosparteine and isolated as a 
dipicrate melting at 222°C., was also racemic a-isosparteine. Alkaloid P5 is a 
levorotatory crystalline base forming a picrate and a perchlorate shown by 
melting point and mixed melting point to be identical with /-a-isosparteine 
prepared from /-sparteine by the method of Winterfeld and Rauch (11). 


Alkaloid P6 is a crystalline dextrorotatory base forming a crystalline picrate 
and crystalline perchlorate. /]-Thermopsine, previously isolated from Ther- 
mopsts lanceolata R. Br. (9) and Thermopsis rhombifolia (Nutt.) Richards (7), 


1 Manuscript received September 25, 1950. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 2278. 
2 Since this plant 7 was collected in the autumn and was very much withered, it is possible that the 
botanical identification may not have been definite. Hence, for the present, the identity of the plant 
investigated must, unfortunately, remain uncertain. 
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and its picrate and perchlorate have the same melting points as alkaloid P6 
and its corresponding salts. Furthermore, the optical rotation of the two bases 
are identical numerically, but of opposite signs. That alkaloid P6 is d-ther- 
mopsine, the optical antipode of /-thermopsine was confirmed by a comparison 
of the infrared absorption spectra (Fig. 2) of the two bases: these are super- 
posable. Recently, the structure of thermopsine has been established and it has 
been shown that this base is related to a-isosparteine in the same way that 
anagyrine is related to sparteine (3) so that d-thermopsine could be termed 
d-isoanagyrine.’ 





40 F- 





1500 1400 1300 1200 1100 1000 900 800 700 





PERCENTAGE ABSORPTION 


60 F- 


40 















! | 
° 
3500 3000 2500 2000 1500 





FREQUENCY (CMT') 





40 





1500 1400 1300 1200 1100 1000 900 600 700 





PERCENTAGE ABSORPTION 


40 





* | [rrr errr ---- _ -——— = ~ 
3500 3000 2500 2000 1500 








WAVE NUMBER (GM) 


Fic. 1. Infrared spectra of |-tetrahydrothermopsine (top) and d-a-isolupanine (bottom), mea- 
sured on a Perkin-Elmer 12B single beam spectrometer with sodium chloride prism, 1 mm. cell. 
The alkaloids were in carbon disulphide solution, 10 mgm. per ml. 


3Since one of the end rings in anagyrine is an a-pyridone, only one enantiomor ph of the iso series 
is possible. Hence d-thermopsine need not be termed d-a-isoanagyrine. 
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Fic. 2. Infrared spectra of l-thermopsine (top) and d-thermopsine (bottom), measured in carbon 
disulphide solution (10 mgm. per ml.) on a Perkin-Elmer 12B single beam spectrometer with 
sodium chloride prism, 1 mm. cell. 


It has further been shown by the same authors (3) that catalytic hydro- 
genation converts /-thermopsine into /-tetrahydrothermopsine (Ci;H2ONs2), 
an isomer of lupanine. The infrared absorption spectrum of this reduction 
product was identical with that of the new alkaloid, P7, (Fig. 1) and the 
melting points of the bases were identical. The melting points of the picrates 
and perchlorates of both bases were also identical. However, whereas our 
sample of tetrahydrothermopsine was levorotatory, alkaloid P7 was dextro- 
rotatory. Hence, alkaloid P7 is the optical antipode of /-tetrahydrothermopsine. 
This conclusion was further confirmed by the fact that whereas the catalytic 
hydrogenation of /-thermopsine in 2N hydrochloric acid gave rise to d-a-iso- 
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sparteine (3), the reduction of alkaloid P7 with lithium aluminum hydride gave 
rise to /-a-isosparteine, identical with alkaloid P5. The elucidation of the 
structure of thermopsine (I) together with the fact that /-tetrahydrother- 
mopsine is the optical antipode of alkaloid P7 locates the oxygen in this base 
which must be represented by II. It is proposed to name alkaloid P7, d-a- 
isolupanine,* which indicates its relationship to /-a-isosparteine. 


The three new alkaloids isolated from this plant, i.e., /-a-isosparteine, d-a- 
isolupanine and d-thermopsine bear the same relationship to each other as 
l-sparteine, d-lupanine and d-anagyrine. It is interesting to note that a-iso- 
sparteine was obtained synthetically (6) before its present isolation from a plant. 


Experimental 


The plant material used was collected in October when it was already wilted 
(cf. footnote 2). The dried and ground plant weighed 4252 gm. It was extracted 
in Soxhlets with methanol and the extract evaporated on the steam bath until 
the solvent was largely removed. Water was added to the concentrated extract, 
the mixture made acid to Congo red with hydrochloric acid and heated on the 
steam bath for 12 hr. It was cooled first to room temperature, then in the 
refrigerator and filtered on a Biichner funnel. The insoluble filter cake was 
heated once more with dilute hydrochloric acid, cooled, and filtered. The com- 
bined filtrates were extracted with ether (discarded), alkalized with ammonia, 
and extracted repeatedly with chloroform. On evaporation, the chloroform 
extract left a gummy basic residue (wt. 13.5 gm.). 


The basic residue was dissolved in warm 2N hydrochloric acid, the solution 
filtered through charcoal to remove a quantity of insoluble material, and the 
filtrate extracted thoroughly with ether. The aqueous solution was alkalized 
with ammonia and extracted with chloroform in a continuous liquid-liquid 
extractor. Evaporation of the extract on the steam bath under reduced pressure 
left a brown, oily, basic residue (wt. 8.58 gm.) that partly crystallized on 
standing. This residue was triturated with 25 ml. portions of cold acetone until 
all the acetone-soluble material had been removed. The acetone-insoluble 

4Clemo and Leitch (1) have used the term ‘‘isolupanine’”’ to designate an isomer of lupanine that 
they obtained by reduction of an oxidation product of lupanine. However, since this isolupanine 


was subsequently shown to be identical with oxosparteine, the oxidation product of sparteine, the 
term was abandoned (2). It seems legitimate, therefore, to revive it to designate alkaloid P7, to 
which it fits so well. An alkaloid (m.p. 75.5-76°, [a]p + 34.6°, aurichloride, m.p. 190°, dec.), 
isomeric with lupanine was isolated from Lupinus angustifolius by Kneuer (5a). This alkaloid, 
named lupanidine, may possibly be identical with a-isolupanine. 
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residue contained only resinous substances that did not distill at 220°C. 
(0.1 mm.). When concentrated and cooled, the acetone solution deposited a 
small quantity of crystals that were filtered and will be described further on. 


The mother liquor from which the crystals had been filtered was evaporated 
to dryness and the residual bases fractionated in vacuo. Three main fractions 
were obtained: fraction I, b.p. 70-85°C. (0.1 mm.), a colorless oil that crys- 
tallized on standing, wt. 0.585 gm.; fraction II, b.p. 115-130°C. (0.1 mm.), a 
viscous oil, wt. 1.02 gm.; fraction III, b.p. 160-170°C. (0.1 mm.), a white 
sublimate accompanied by a yellow oil, wt. 1.762 gm. 


l-a-Isosparteine 

Fraction I was crystallized from boiling acetone from which the base separ- 
ated on cooling as colorless flat needles melting at 108—-110°C. In admixture 
with /-a-isosparteine prepared from /-sparteine as described by Winterfeld and 
Rauch (11) and by Leonard and Beyler (6), the melting point was undepressed. 
Calc. for CisHogNe.H2O: C, 71.38; H, 11.11; N, 11.11%. Found: C, 70.99, 
71.05; H, 11.07, 11.20; N, 10.74, 10.81%. [a]l?? —51.3° (c = 0.696 in absolute 
ethanol). Leonard and Beyler (6) report [a]p —55.3° in methanol. 


Some of the base (110 mgm.) was dissolved in methanol and added to a 
solution of picric acid (190 mgm.) in methanol. A picrate separated immed- 
iately which, after three recrystallizations from acetone—methanol, melted at 
220—221°C. either alone or in admixture with /-a-isosparteine dipicrate. Calc. 
for CisHogNeo. 2Cs5H307;N3: C, 46.80; H, 4.62; N, 16.18%. Found: C, 46.46, 
46.50; H, 3.87, 4.03; N, 16.01%. 


A further quantity of the base (109 mgm.) was dissolved in methanol and 
the solution made just acid to Congo red by the dropwise addition of 65% 
perchloric acid. Crystallization of the salt was initiated by dilution of the solu- 
tion with ether. It sintered at 250-255°C. and melted at 262—263°C., either 
alone or after admixture with /-a-isosparteine diperchlorate. Calc. for CisHogNo. 
2HCIO,: C, 41.38; H, 6.48; N, 6.48%. Found: C, 41.24, 41.26: H, 6.42, 6.49; 
N, 6.45, 6.24%. 


d-a-Isolupanine 


Fraction II was dissolved in methanol and the solution made just acid to 
Congo red by the cautious addition of 65% perchloric acid. Ether was added 
to incipient turbidity and the crystalline salt that separated was filtered. After 
several recrystallizations from methanol-ether and finally from methanol, the 
perchlorate melted at 248-249°C. Calc. for CisHasONo.HClO,: C, 51.64; H, 
7.22; N, 8.03%. Found: C, 51.65, 51.71; H, 7.23, 7.03; N, 7.91, 7.92%. 


A small quantity of the pure perchlorate was dissolved in water, the solution 
alkalized with ammonia and extracted with chloroform. Evaporation of the 
chloroform extract left a residue which was distilled, b.p. 110—-120°C. (0.1 mm.), 
and crystallized from petroleum ether. The free base thus obtained consisted 
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of colorless rectangular plates, m.p. 83-84°C. (It is noteworthy that /-tetra- 
hydrothermopsine (3), the optical antipode of d-a-isolupanine, melted at 75- 
76°C. After keeping for some time d-a-isolupanine no longer melted at 83- 
84°C., but at 75-76°C. This behavior is probably due to isomorphism). [a]>> + 
65.9° (c = 1.495 in absolute ethanol). Calc. for CisH24ONe: C, 72.57; H, 9.67; 
N, 11.30%. Found: C, 72.25, 72.44; H, 8.96, 9.11; N, 11.33, 11.50%. The 
picrate of the base was prepared in ethanol; after recrystallization from the 
same solvent it consisted of long, yellow needles, m.p. 197—198°C. The infrared 
absorption spectrum of the base which contains a carbonyl! absorption band, 
is identical with that of /-tetrahydrothermopsine (3), Fig. 1. 


Reduction of a-Isolupanine 


In a dry apparatus containing a solution of d-a-isolupanine (62 mgm.) in 
anhydrous ether (5 ml.) under a slight pressure of nitrogen, a 2% solution 
(1.5 ml.) of lithium aluminum hydride in anhydrous ether was added dropwise. 
A flocculent white precipitate formed immediately and the mixture was re- 
fluxed for 90 min. To the cooled reaction mixture, moist ether and then water 
were cautiously added and the aqueous layer separated and extracted four 
times with ether. The combined ether extract was dried over anhydrous sodium 
sulphate, evaporated to remove the solvent and the remaining residue was 
distilled im vacuo. An oil distilled at 70-80°C. (0.1 mm.) (wt. 8 mgm.) which 
crystallized from moist acetone as flat needles, melting at 102—104°C. and in 
admixture with /-a-isosparteine at 106°C. The picrate of the reduced base was 
prepared in methanol, and after five recrystallizations in acetone—methanol 
melted at 212—214°C., while in admixture with the dipicrate of /-a-isosparteine 
it melted at 214-216°C. 


The residue left after the distillation of /-a-isosparteine yielded 20 mgm. of 
unchanged a-isolupanine. 


d-Lupanine 


The mother liquor from which the perchlorate of d-a-isolupanine had crys- 
tallized was evaporated to a small volume and allowed to stand. After two 
weeks a small quantity of impure crystals had separated. After two recrystal- 
lizations from methanol this perchlorate melted at 211°C. and did not depress 
the melting point of d-lupanine perchlorate on admixture. The base liberated 
from its perchlorate, boiled at 110-120°C. (0.1 mm.) and had [a] + 80.0° 
(c = 2.04 in absolute ethanol) in agreement with the value given in the liter- 
ature (5) for d-lupanine. 


The base (150 mgm.) was dissolved in methanol and added to an aqueous 
solution of ammonium thiocyanate (48 mgm.). The solution was evaporated 
to dryness on the steam bath and the residue crystallized from boiling acetone. 
The base thiocyanate sintered at 146°C. and melted at 183°C., either alone or 
in admixture with an authentic sample of d-lupanine thiocyanate. 
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l-Sparteine 


Fraction II, after separation of d-lupanine and d-a-isolupanine, still con- 
tained 250 mgm. of basic material. This was dissolved in benzene and chroma- 
tographed on a column of alumina. The benzene eluate yielded 86 mgm. of a 
mobile oil, b.p. 100—105°C. (0.1 mm.), that formed a picrate crystallizing from 
methanol in long yellow needles. After two recrystallizations the picrate melted 
at 207°C. either alone or in admixture with an authentic sample of /-sparteine 
dipicrate. Calc. for CisHosN2.2CsH;07N;: C, 46.80; H, 4.62%. Found: C, 
46.79; H, 4.57%. 


The base was liberated by shaking a suspension of the picrate in ether with 
15% hydrochloric acid. The aqueous solution was freed of picric acid by re- 
peated extraction with ether, alkalized with ammonia and extracted with 
chloroform. Evaporation of the chloroform left the base as an oily residue 
which after distillation im vacuo had [a] — 17.4° (c = 1.86 in absolute 
ethanol). 


The 95° benzene —-5% ether eluate yielded a further 37 mgm. of d- 
lupanine characterized as its perchlorate. The 50°) benzene — 50% ether eluate 
gave 53 mgm. of a mixture of d-lupanine and d-a-isolupanine, while the ether 
eluate yielded 44 mgm. of pure d-a-isolupanine, characterized as its per- 
chlorate, m.p. 249°C. 


d-Thermopsine 


Fraction III, which was almost entirely crystalline, was dissolved in boiling 
acetone. On cooling, the solution deposited crystals consisting, after three 
recrystallizations from acetone, of colorless prisms, m.p. 207°C. This base was 
identical with the substance that had crystallized from the original acetone 
solution of the crude bases. [a]p + 154.4° (c = 0.8 in absolute ethanol). A 
sample dried at 100° in vacuo was used for the analysis. Calc. for CisH2ON2: 
C, 73:77; H, 8.20; N, 11.48%. Found: C, 73.92; H, 8.01; N, 11.56, 11.50%. 
The infrared absorption spectrum of this base was identical with that of /- 
thermopsine (Fig. 2) and therefore the base is the optical antipode of the latter. 


A small quantity of the base was dissolved in methanol and the solution 
neutralized to Congo red by the dropwise addition of 70% perchloric acid. 
The perchlorate that separated crystallized from methanol as long, colorless 
needles, m.p. 289°C. Calc. for CisH2ON2.HClO,: C, 52.25; H, 6.10; N, 8.13%. 
Found: C, 52.14, 52.01; H, 6.20, 6.04; N, 8.05, 8.14%. 


The base formed a picrate that crystallized from methanol as yellow needles, 
m.p. 253°C. Calc. for CisH2ON2.CsH;07N;: C, 53.28; H, 4.86; N, 14.80%. 
Found: C, 52.70, 52.86; H, 5.34, 5.32; N, 14.11, 14.21%. The melting points 
of the picrate and of the perchlorate were identical with those of the corres- 
ponding salts of /-thermopsine (7, 9). 
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THE BIOGENESIS OF ALKALOIDS 


II. THE ORIGIN OF THE METHYL GROUPS OF 
HORDENINE AND CHOLINE! 


By Sam KIRKWoOOoD? AND LEO MARION 


Abstract 


Potassium formate labeled with C' was fed to sprouting barley, and choline 
and hordenine (N-dimethyltyramine) were isolated from the roots. Both of 
these substances bore the labeled carbon largely, if not entirely, in the methyl 
groups, as shown by means of degradation experiments. This indicates that 
the N-methyl! groups of these compounds originate from formate ions. 


Introduction 


The origin of the N-methyl groups of alkaloids is as yet obscure. It has been 
postulated that they arise from formaldehyde (1, 14), but there has been no 
direct experimental evidence for this route. The formaldehyde hypothesis un- 
doubtedly had its origin in von Baever’s theory of the biogenesis of glucose, 
coupled with the ease with which the Eschweiler reaction proceeds in vitro 
(5, 12). It has also been postulated that the N-methyl groups of alkaloids may 
arise by a process of transmethylation (14) analogous to that known to occur 
in animals (2). However, as Robinson has pointed out (14), this process would 
not, even if it were substantiated. be the primal origin of the groups. It would 
merely shift the problem back one step. 


There is abundant evidence in the recent literature that formate is an ex- 
tremely important intermediate in the metabolic processes of the higher animals 
(18, 19) and bacteria (3, 17). If one is prepared to accept the recent evidence 
that the folic acid group of vitamins functions as a carrier of formate (11) then 
it would follow that formate is an important metabolic intermediate in most, 
if not all, living cells. It has been shown that the methyl groups of methionine 
and choline are oxidized to carbon dioxide via formate in rat liver slices (18) 
and that formate is reduced to the methyl group of methionine both in vivo 
and in vitro (18, 19). Siekivitz and Greenberg (18) have postulated that the for- 
mation of formaldehyde may in some cases precede that of formate in biological 
oxidations; however, a great deal more experimental work is required to clarify 
the status of formaldehyde in these reactions. 


Recent studies (8) have indicated that the synthesis of the alkaloid hordenine 
in barley roots proceeds by a stepwise methylation of tyramine entirely analo- 
gous to the synthesis of choline from ethanolamine by the mold Neurospora 
crassa. Since the recently established synthesis of ‘‘labile methyl’’ in the rat 
proceeds by way of formate (19) one would expect that the methyl groups of 


1 Manuscript received October 2, 1950. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 2281. 
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choline and hordenine in the barley plant might arise from the same source. 
If this proved to be the case one would have reasonable evidence for postulating 
the following route for the biosynthesis of the alkaloids N-methyltyramine (8), 
hordenine (12), and candicine (13). 


OH OH OH OH OH 
a~ rs an 7» an 
| => | | > | \ —— | | =e | 
\/) \) \/ V VV 
| | 
CH: CH, CH: CH: CH: 
H-C-COOH CHe CH: CH, CH; 
\ | | | 
NH. NH. N N CH;-N+ OH- 
Ne és * ae" 
H CH; H; CH; CH; CH; 
Tyrosine Tyramine N-Methyl- Hordenine Candicine 
tyramine 


With this in mind, we have studied the incorporation of labeled formate carbon 
into the methyl groups of both choline and hordenine by barley roots. 


Experimental 
Technique of Growing Barley and Administering Tracer 


A 720 gm. sample of Charlottetown #80 barley was evenly divided among 
twelve 20 X 25 cm. Pyrex glass trays. Distilled water (50 ml.) was added to 
each tray and they were stored in a closed germination cabinet. The barley 
was watered daily by spraying with an atomizer. On the sixth day of sprouting 
a solution of 36 mgm. of potassium formate containing a total of 5.0 & 107 
counts per minute of C'* was fed to the barley*® (total solution 240 ml., 20 ml. 
per tray). 


The barley was harvested on the 11th day of sprouting and the roots worked 
up as described previously (8). Although Charlottetown #80 produced hordenine 
and not N-methyltyramine, the procedure for the isolation of the alkaloid was 
identical to that described for N-methyltyramine. An investigation of the stem 
fraction showed that it contained a very small fraction of the total activity in 
the plant, and the choline isolated from the stems had a negligible activity so 
that the stems were not further investigated. 


Isolation of Choline from the Root Fraction 


The choline in this fraction would be expected to appear at two places in 
the isolation procedure for hordenine. The free choline would be in the aqueous 
residue of the first continuous ether extract. The choline combined in the phos- 
pholipid fraction would appear in the acid ether extract of the methanol- 
soluble residue. Consequently, these two fractions were worked up separately 
and the choline obtained from them was pooled. 


34n aliquot of the potassium formate solution was dried on a dish and counted as an infinitely 
thin layer, the total activity being computed from this figure. 








32 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29. 


(a) Free Choline 

The aqueous residue of the first continuous ether extract in the hordenine 
isolation procedure was treated with one sixth of its volume of methanol to 
prevent foaming, and the methanol and ammonia were removed under reduced 
pressure. The residue was made definitely acid with concentrated hydrochloric 
acid and filtered through a filter cel pad on a Biichner funnel. The filter cel pad 
was then washed thoroughly with water. The filtrate and washings were com- 
bined (total volume, 1500 ml.) and treated with a solution of 12.0 gms. of am- 
monium reineckate in 300 ml. of 0.45N hydrochloric acid. A heavy amorphous 
precipitate resulted and the supernatant liquor showed a definite excess of 
ammonium reineckate. The mixture was allowed to stand in the refrigerator 
for 12 hr. and the precipitate was filtered off. It was washed thoroughly with 
water and ethanol, dissolved in acetone, and the solution was filtered, evaporated 
to dryness in vacuo. The reineckate was taken up in 75 ml. of acetone and de- 
composed by the method of Kapfhammer and Bischoff (7). The ammonium 
reineckate precipitation was repeated twice more. On the third precipitation 
a beautifully crystalline precipitate separated. This was filtered off, washed 
as described above and combined with the reineckate obtained from the phos- 
pholipid fraction. 


(b) Phospholipid Choline 

The acid ether extract of the methanol-soluble residue was evaporated to 
dryness under reduced pressure. The residue was taken up in a 1N solution of 
potassium hydroxide in 30% ethanol, and the mixture refluxed on a steam 


bath for four hours. The solution was made distinctly aci th concentrated 
hydrochloric acid and extracted twice witii its own volun yeto'cum ether. 
The aqueous liquor was filtered through a pad of filter cel a..i t->..ed with an 
excess of ammonium reineckate in 0.5 hydrochloric acid, | 3 desciibed above, 
and the precipitate filtered, washed, and decompose = — -ocedure was 
repeated twice more as described for the free choline. cd precipitate 


was beautifully crystalline and was combined with t’ »m the free 


choline fraction. 


Determination of the Activity and Idenitty of the 'solaied neck« ‘2 
The combined reineckates were dissolved in acetoiie, dex 1 ad re- 
precipitated with ammonium reineckate. The yield of dry choline © ..cka’ + was 


1.1 gm. Since the analyses of reineckates are unreliable, no attempt was « 1ade 
to analyze this specimen, but its identity was establishec >by analysis «: the 
chloroplatinate prepared from it. Choline reineckate was counted as an :nfin- 
““Nucleometer’”’. Its spe- 
cific activity was 1.36 X 10‘ counts per millimole per minute. 


itely thick layer in a Radiation Counters Laboratory 


The above sample of choline reineckate was decomposed and the final filtrate 
was evaporated to dryness under reduced pressure. The residual choline 
chloride crystallized. It was taken up in absolute ethanol, the solution filtered, 

















KIRKWOOD AND MARION: BIOGENESIS OF ALKALOIDS. II. 33 
TABLE I 


LOCATION OF ACTIVITY IN CHOLINE AND HORDENINE 




















Compound Activity per millimole base per min. 
Choline reineckate 1.36 X 10+ 
Choline chloroplatinate 1.47 X 10+ 
Trimethylamine chloroplatinate 1.39 X 10# 
Hordenine methiodide 1.40 X 10° 
Chloroplatinate of above base 1.29 X 105 
Trimethylamine chloroplatinate 1.36 X 10° 








and excess ethanolic chloroplatinic acid added. The precipitate was allowed to 
stand at room temperature overnight, centrifuged off, and washed three times 
with absolute ethanol. This sample when counted as an infinitely thick layer 
in the Nucleometer had a specific activity of 1.47 X 10* counts per millimole 
per minute. 


The yield was quantitative. Found: Pt, 31.74%. Calc. for CipH2sO2N> 
PtCl,: Pt, 31.68%. 


Degradation of Labeled Choline Chloroplatinate 


To determine the location of the labeled carbon in the choline molecule, the 
salt was degraded by the method of Lintzel and Monasterio (10) to trimethyl 
amine. The extent of labeling in the methyl groups as compared to the rest of 
the molecule could then be determined by comparing the activity per millimole 
of the trimethylamine to that of the choline from which it was obtained. 


The labeled choline chloroplatinate (0.500 gm.) was degraded by the pro- 
cedure of Lintzel and Monasterio (10) and the contents of the traps were 
evaporated to dryness under reduced pressure. The residue crystallized readily ; 
it was taken up in absolute alcohol, filtered, and treated with excess chloro- 
platinic acid in ethanol. The precipitate was centrifuged, washed. twice with 
absolute ethanol, and dried in a vacuum desiccator. The yield was 0.333 gm. 
or 77% of theory. Found: Pt, 36.89%. Calc. for CsH2oN2PtCle: Pt, 36.96%. 
This sample when counted as an infinitely thick layer had a specific activity 
of 1.39 X 104 counts per millimole per minute. 


Determination of the Location of Labeled Carbon in Hordenine 


To determine the location of the tagged atom in hordenine, it was first con- 
verted to the methiodide and to the chloroplatinate which was then degraded 
by the method of Lintzel and Monasterio (10). It was first determined that 
no appreciable exchange occurred between methyl iodide and a sample of 
methyl-labeled hordenine methiodide. The method of Lintzel and Monasterio 
was found to be readily applicable to hordenine chloroplatinate, giving good 
yields of trimethylamine. 
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(a) Conversion of Hordenine to the Methiodide 

Hordenine was isolated from the root fraction by the method previousl: 
described for N-methyltyramine. The sample was sublimed twice and the vield 
(from 720 gm. of barley) was 350 mgm. To this was added 2.00 gm. of synthetic 
hordenine as a carrier and the whole was resublimed. 


A quantity of this sample of hordenine (2.29 gm.) was dissolved in 20 ml. 
of ethanol in a three necked flask to which had been added 0.5 gm. of finely 
powdered sodium bicarbonate * The mixture was stirred with a propeller stirrer 
inserted through the center - vhile the other two necks bore a reflux con- 
denser and a dropping funn dlask was fitted with a heating mantle con 
trolled by a variac. Methyl iodide (2.2 gm.) in 20 ml. of ethanol was added 
slowly under stirring (period of addition, 30 min.). While the methyl iodide 
was being added the mixture was kept slowly refluxing. As soon as all the 
methyl iodide was added the heat was turned off and the stirring continued 
for three hours. The hordenine methiodide was obtained by repeated extraction 
of the bicarbonate with boiling ethyl aicohol. The combined filtered extracts 
were evaporated until crystallization commenced. The yield of crystalline 
hordenine methiodide was practically quantitative. This salt, counted as an 
infinitely thick layer in the Nucleometer, resulted in a specific activity for the 
carrier-free material of 1.40 X 10° counts per millimole per minute. 


(b) Conversion of Methiodide to Chloroplatinate 

The above methiodide (1.000 gm.) was dissolved in 30 ml. of water and 0.544 
gm. of silver acetate added. The mixture was warmed on a steam bath for 15 
min. with constant stirring, the precipitated silver iodide filtered and washed 
with water. The filtrate was combined with the washings and evaporated to 
dryness under reduced pressure. The residue was then taken up in absolute 
alcohol, the solution filtered, and excess alcoholic chloroplatinic acid was 
added. After standing an hour at room temperature the precipitated chloro- 
platinate was centrifuged, washed twice with absolute ethanol, and dried in a 
vacuum desiccator. The yield was quantitative. This material, counted as an 
infinitely thick layer in the Nucleometer, resulted in a specific activity for the 
carrier-free material of 1.29 & 10° counts per millimole per minute. 


(c) Degradation of Quaternary Base Chloroplatinate 

The chloroplatinate (0.858 gm.) was degraded by the method of Lintzel and 
Monasterio (10) and worked up as described above for the choline sample. 
There was obtained 0.379 gm. of trimethylamine chloroplatinate (64%). This 
material, counted as an infinitely thick layer in the Nucleometer, resulted in 
a specific activity for the carrier-free material of 1.36 X 10° counts per milli- 
mole per minute. 


‘7t has been shown that strains of barley that produce hordenine also produce small amounts of 
its precursor N-methyltyramine (9). The bicarbonate ensures that this N-methyltyramine will be 
quantitatively methylated to hordenine methiodide. 
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Discussion 


It is evident from the above experiments that when potassium formate, 
labeled with C%, is fed to sprouting barley the labeled carbon is incorporated 
into both hordenine and choline and the activity is largely, if not entirely, in 
the N-methyl groups of these substances (see table). The difference in the 

tivities of these two compounds is very probably a reflection of their rates of 

‘tabolism. The choline is apparently metabolized faster and hence its activity 

ss than that of hordenine owing to the greater dilution arising from the 
higher rate of metabolism. 


The experimental results indicate thi sy sis of chuiine in | 
proceeds by a route similar to that used in te syni 3 of this materia! 
rat (19). They also give strong evidence that the N-methyl groups of thc 
loid hordenine arise through a similar series of reactions. It may be argued 
that the synthesis of the alkaloid methyls, in the present experiment, proceeds 
from carbon dioxide produced from the formate fed rather than by formylation 
followed by reduction, which appears to be the route in the rat (18, 19). How- 
ever, preliminary experiments in this laboratory (9) showed that when methyl- 
labeled choline, of comparable activity to the formate used in these experi- 
ments, was fed to barley the hordenine isolated had a negligible radioactivity, 
in spite of the fact that the barley could rapidly oxidize these methyls to carbon 
dioxide. In the authors’ opinion this experiment not only disposes of carbon 
dioxide as an intermediate but also shows that the N-methyl groups of hor- 
denine do not arise by transmethylation from the choline—methionine system. 
It further indicates that the oxidation of choline methyl to carbon dioxide in 
the barley plant does not proceed via formate as has been shown to occur in 
the rat (16). This problem is under active study in our laboratory at the 
present time. 


It would seem likely, therefore, that at least in barley and probably in the 
higher plants in general the synthesis of choline methyl proceeds by a route - 
similar to that known to occur in the rat (6, 15, 19). Further, the N-methyl 
groups of the alkaloid hordenine appear to arise by an analogous series of re- 
actions. It seems possible then that the formylation of amines followed by 
reduction is a general route for the synthesis of N-methyl groups in nature. 
The folic acid group of vitamins has been shown to act as a carrier of formate 
in processes involving this substance in rats and in bacteria (4, 11), and one 
would expect that they function in a similar fashion in the higher plants. This 
possibility is also under study in our laboratory. 
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GELSEMINE 
III. REDUCTION WITH LITHIUM ALUMINUM HYDRIDE’; * 


By Morris Kates? AND LEO MARION 


Abstract 


The infrared absorption spectrum of gelsemine indicates the presence of a 
carbonyl group. Reduction of the alkaloid with lithium aluminum hydride 
converts the carbonyl] not to a secondary alcohol, but to a methylene group, thus 
indicating that the carbonyl is present in a lactamic grouping. The reduced 
base shows the properties of a substituted aniline. Since gelsemine has been 
shown to yield 3-ethylindole on dehydrogenation with selenium and since the 
N-atom involved in the lactamic group cannot be the strongly basic nitrogen, 
gelsemine must contain an oxindole grouping. Furthermore, 3-monosubstituted 
oxindoles are converted by lithium aluminum hydride to 3-substituted indoles, 
whereas gelsemine under the same conditions gives rise to a dihydroindole. 
Therefore, the alkaloid must contain a 3, 3-disubstituted oxindole grouping. 


Gelsemine (CooH2202N2) is a strong monoacidic tertiary base that has been 
shown to be an indole derivative (5, 8). The indole nature of the alkaloid is 
further supported by the isolation, herein reported, of anthranilic acid on 
fusion of gelsemine with potassium hydroxide and of picric acid on oxidation 
of the base with fuming nitric acid. 


Our knowledge of the nature of the oxygen atoms in gelsemine has so far 
been obscure. It was claimed by Moore (7) that gelsemine contained a free 
hydroxyl group which could be acetylated with acetic anhydride. However, all 
attempts to prepare O-acetylgelsemine have failed in our hands, and other 
investigators (2, 3) have been similarly unsuccessful. Indeed, Moore’s claim is 
untenable in view of the facts that gelsemine contains only one active hydrogen 
(Zerewitinow) and that its infrared absorption spectrum shows a sharp ab- 
sorption band at 3443 cm.~! indicative of an imino group, but no absorption 
in the hydroxyl region. Since gelsemine is an indole alkaloid (5, 8) and since 
the basic nitrogen is known to be tertiary, it follows that the one active hy- 
drogen in the base must be attributed to the indole imino group. 


The infrared absorption spectra of both gelsemine and dihydrogelsemine 
(Table I) show a strong absorption band at 1720 cm. and 1722 cm. respec- 
tively in the region of carbonyl absorption, indicating the presence of a car- 
bonyl group in these substances. However, it has been reported (3) that gel- 
semine and dihydrogelsemine are unaffected by reagents known generally to 
react with ketonic groups, such as hydroxylamine and n-butylmagnesium 
bromide, and that they are recovered unchanged after boiling with strong 

1 Manuscript received September 28, 1950. 
Contribution from the Division of Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 2286. ; 
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in J. Am. Chem. Soc. 72: 2308, 1950, and has been presented at the meeting of the Canadian 


Institute of Chemistry at Toronto, June 1950. 
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TABLE I 
MAJOR INFRARED ABSORPTION BANDS OF THE COMPOUNDS DISCUSSED* 


NH CO ‘Benzene 
band, band, ring’ 
cm. ! cm. * band, 

cm. ! 
Gelsemine 3443 1720 1619 
Dihydrogelsemine 3438 1722 1620 
3, 3-Dimethyloxindole 3438 1718 1618 
Dihydrodesoxygelsemine 3411 - 1606 
Tetrahydrodesoxygelsemine 3414 1607 
3, 3-Dimethyldihydroindole 3418 , 1607 
N-Acetyltetrahydrodesoxygelsemine - 1650 1594 





* The infrared absorption spectra were measured in chloroform solution at a concentration of 
3 mgm. per ml., using a calcium fluoride prism. 


alkali and after treatment in boiling cyclohexanol with sodium. It seemed 
desirable, therefore, to investigate the action of lithium aluminum hydride on 
gelsemine and dihydrogelsemine. 


To avoid complications which might arise from possible reaction at the 
double bond, the reduction of dihydrogelsemine was undertaken first. In a 
preliminary experiment, dihydrogelsemine was recovered unchanged after 
treatment with lithium aluminum hydride in boiling ether. However, when the 
reaction was carried out in boiling dioxane with excess reducing agent, there 
was obtained, in good yield, a crystalline substance which gave analytical 
figures corresponding to tetrahydrodesoxygelsemine (CooH2»ON.). Electro- 
metric titration showed the new base to be diacidic, with one strongly basic 
group and one weakly basic group. It contained one active hydrogen (Zere- 
witinow) and its infrared absorption spectrum (Table |) showed no absorption 
in the carbonyl region but contained an absorption band at 3414 cm.~ indi- 
cative of a weakly associated imino group. Acetylation of tetrahydrodesoxygel- 
semine with boiling acetic anhydride yielded a crystalline monoacetyl deri- 
vative. This derivative was an N-acetyl compound since titration showed it to 
be a strong monoacidic base, whereas the parent base was diacidic, and since 
its infrared absorption spectrum (Table I) contained no N-H absorption band, 
but contained a carbonyl band at 1650 cm.~', attributable to the N-acetyl 
group (6). Finally, tetrahydrodesoxygelsemine coupled with diazotized sul- 
phanilic acid to form a methyl] orange indicator, thus revealing the presence of 
a basic nitrogen atom directly attached to an aromatic nucleus with a free and 
reactive para position. 


Similar results were obtained in the reduction of gelsemine with lithium 
aluminum hydride. The reduction product, dihydrodesoxygelsemine (CooHo4 
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ON:), was a diacidic base and its infrared absorption spectrum showed no 
absorption in the carbonyl region but contained an absorption band at 3411 
cm.~' indicative of an imino group. The presence of the weakly basic imino 
group was confirmed by the formation of a N-nitroso derivative which gave a 
positive Lieberman test. Furthermore, catalytic hydrogenation of dihydro- 
desoxygelsemine gave rise to tetrahydrodesoxygelsemine identical with that 
directly obtainable by the action of lithium aluminum hydride on dihydro- 
gelsemine. 


The formation of a weakly basic secondary amino group, together with the 
replacement of one oxygen atom by two hydrogens through the action of 
lithium aluminum hydride, lead to the conclusion that the desoxy bases arise 
from the reduction of a lactam group. Since the nitrogen involved in the lactam 
is of necessity the same nitrogen present in the 3-ethylindole obtainable by 
degradation of the alkaloid with selenium, it follows that gelsemine and di- 
hydrogelsemine contain an oxindole group, while the corresponding desoxy 
bases contain a dihydroindole group. It is well known that oxindoles containing 
a hydrogen in the 3-position give two active hydrogens in the Zerewitinow 
determination while gelsemine shows only one. Furthermore, it has been re- 
ported (4) that oxindoles which still contain a hydrogen atom in the 3-position 
are reduced by lithium aluminum hydride to the corresponding indoles and, 
therefore, it must be assumed that the oxindole system in gelsemine is disub- 
stituted in the 3-position. 


To test the postulate of a 3, 3-disubstituted oxindole grouping, the model 
compound 3, 3-dimethyloxindole was synthesized according to the method of 
Briinner (1) and its properties were compared with- those of gelsemine and 
dihydrogelsemine. The model compound was found to have an ultraviolet 
absorption spectrum very similar to that of gelsemine in the concentration 
range of 1 X 10°*M to 2 X 10°‘ in the region of 220 to 300 muy (Fig. 1), 
although the fact that the spectrum of gelsemine varies with concentration 
while that of 3, 3-dimethyloxindole does not, makes the comparison difficult. 
The infrared absorption spectrum (Table I) of 3, 3-dimethyloxindole shows 
three sharp absorption bands (an NH-band at 3438 cm.~', a carbonyl band 
at 1718 cm. and a benzene ring band (6) at 1618 cm.~) the wave numbers 
of which are identical with those of the corresponding absorption peaks in the 
spectraof both gelsemine and dihydrogelsemine. Reduction of 3,3-dimethyloxin- 
dole with" iium aluminum hydride in boiling dioxane solution gave an excellent 
yield of 3, 3-dimethyldihydroindole, the infrared absorption spectrum of which 
showed no absorption in the carbonyl region, but contained an absorption 
peak in both the NH- and benzene ring regions at the same wave numbers as 
the corresponding absorption peaks in the spectra of dihydrodesoxygelsemine 
and tetrahydrodesoxygelsemine. It is worth mentioning that this result is con- 
trary to the literature statement that N-unsubstituted oxindoles are virtually 
unaffected by lithium aluminum hydride (4). 
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It may be concluded that gelsemine and dihydrogelsemine contain a 3, 3- 
disubstituted oxindole system represented by the partial formula I, and that 


it is the reduction of the oxindole group to a dihydroindole group which gives 


rise to the desoxy bases in which partial structure II is present. 


Experimental’ 


Alkaline Fusion of Gelsemine 


Gelsemine (2.5 gm.) was added gradually with stirring to fused potassium 
hydroxide (15 gm.) kept in a nickel crucible at 320-330°C. The melt was vigor- 


4A4ll melting points are corrected uniess otherwise stated. 
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ously stirred until on interruption of the stirring no frothing took place (ca. 
15 min.). After cooling, the melt was dissolved in water and the solution 
extracted with ether. The aqueous solution was acidified with hydrochloric 
acid and extracted repeatedly with ether. This second ether extract was dried 
over sodium chloride and distilled to dryness on the steam bath. There re- 
mained a black resinous residue (1.0 gm.) which was no longer completely 
soluble in ether. The ether-soluble portion was distilled im vacuo; it yielded a 
sublimate at 120—130°C. at 0.5 mm., which after two recrystallizations from 
absolute ether — hexane, consisted of small rectangular plates, m.p. 147°C. 
either alone or in admixture with an authentic specimen of anthranilic acid. 
Calc. for C;7H7O2N:C, 61.32; H, 5.11%. Found: C, 61.26, 61.48; H, 5.51, 
5.46%. 


Oxidation of Gelsemine 
Gelsemine (2.0 gm.) was refluxed gently with 20% nitric acid (80 cc.) for 
72 hr. The solution when evaporated left a gum which largely dissolved when 
boiled with water (50 ml.). The liquor was decanted from the insoluble residue 
and evaporated to dryness. Concentrated nitric acid (3 ml.) was added to the 
-gummy residue and the mixture heated one hour on the steam bath and a 
further half-hour over a free flame. The hot solution was diluted with water 
(2 ml.) and evaporated to dryness. Addition of water (2 ml.) followed by 
evaporation to dryness was repeated several times. Finally, the residue was 
dissolved in water (2 ml.), the solution filtered to remove a small quantity of 
insoluble material and evaporated to ca. 0.5 ml. This solution on cooling de- 
posited yellow tabular prisms that were collected on a filter and washed with 
two drops of water, wt. 9 mgm. The crystalline product melted at 119°C. and 
in admixture with picric acid at 120°C. The filtrate from the crystallization of 
picric acid was evaporated to dryness and the residue dissolved in methanol 
(1 ml.). Quinoline (one drop) was added to the solution which was subsequently 
evaporated to half its volume. On standing this deposited small yellow warts 
that were filtered and dissolved in methanol. The solution was filtered through 
charcoal and evaporated to a small volume which on cooling deposited 
clusters of lemon-yellow crystals melting at 204°C. either alone or in admixture 

with an authentic sample of quinoline picrate, wt. 10 mgm. 


Dihydrogelsemine 


Gelsemine (4.0 gm., with acetone of crystallization) was hydrogenated in 
absolute methanol (30-35 ml.) over palladium black (0.4 gm.) at room temper- 
ature and atmospheric pressure. Yield of dihydrogelsemine (needles with 
acetone of crystallization), 86% (3.46 gm.). After recrystallization from 
acetone—methanol (10:1), it melted at 222-223°C. (cf. (2) and (3)). 


Tetrahydrodesoxygelsemine 


To a solution of 2.0 gm. of acetone-free dihydrogelsemine in 40 ml. of an- 
hydrous dioxane was added, under nitrogen, 10 ml. of a 2% solution of lithium 
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aluminum hydride in absolute ether, and the mixture refluxed for two hours. 
More of the lithium aluminum hydride solution (1.5 ml.) was added and the 
refluxing was continued for one hour. To the cooled reaction mixture was added 
5 ml. of methanol-water (10: 1) and the precipitate was centrifuged and washed 
several times with ether. The combined supernatants were concentrated in vacuo 
to a small volume which was diluted with water and extracted with ether. The 
dried ether solution, on concentration in vacuo, left a crystalline residue which 
was recrystallized from ethyl acetate — absolute ether (1: 1) to give 1.07 gm. of 
tetrahydrodesoxygelsemine (prisms), melting at 140—-141.5°C. From the 
mother liquors there was obtained a further 0.61 gm. of material, making:a 
total yield of 88°%. After two recrystallizations from ethyl acetate — ether (1: 1) 
or from ethyl acetate — petroleum ether (b.p. 40-60°C.) (4:1), the product 
melted at 141-142°C. [a]j~-11.4 + 0.7° (c, 3.05 in methanol). Calc. for 
CopH229ON2: C, 77.4; H, 8.44; N, 9.03; one act. H, 0.323%. Found: C, 77.51, 
11.04; H, 8.01, 8.21; N, 9.14; act. H, 0.33%. 


Electrometric Titration 

A solution of 100 mgm. of tetrahydrodesoxygelsemine in 8 ml. of methanol- 
water (1:1) consumed 4.48 ml. of methanolic (50°) 0.0723 N hydrochloric 
acid; this corresponds to an equivalent weight for the base of 310 (calc. 310.4) 
and to a basic group with pK 8.86 (obtained from the value of the pH at half- 
titration). Titration with aqueous 0.1 NV hydrochloric acid revealed the pre- 
sence of a second, weakly basic group with pk 3.4. 


Tetrahydrodesoxygelsemine picrate 

The picrate, prepared in 99% ethanol, separated immediately as a yellow 
precipitate which rapidly turned orange. Recrystallization from methanol- 
acetone (3: 1) gave rosettes of orange-red needles melting at 216—217°C. (dec.) 
(uncorr.). Calc. for CopH2g¢ON 2. CeH307N3: C, 57.9; H, 5.42; N, 12.98%. Found: 
C, 57:23. 57.40; H, '5.23,.5.19; N,. 12:80%. 


N-Acetyltetrahydrodesoxygelsemine 


A solution of 250 mgm. of the base in 3 ml. of acetic anhydride and 0.95 ml. 
of pyridine was refluxed for two hours. After removal of the acetic anhydride 
in vacuo, the crystalline residue® was dissolved in water and the solution was 
made alkaline with sodium carbonate and extracted with chloroform. The 
chloroform solution was dried over sodium sulphate, and concentrated on the 
steam bath to an oil which crystallized from 2-3 ml. of acetone, whereby there 
was obtained 240 mgm. of hexagonal prisms with acetone of crystallization, 
melting at 131—133°C. after losing the acetone at 80—90°C. Recrystallization 
from acetone gave 170 mgm. of product melting at 132.5-133.5°C. Calc. for 
CopH2,0Ne. CoH30: C, 75.0; H, 8.01; N, 7.95%. Found for material dried 
at 100°C.: C, 74:90; 75:08; H, 8.07, 8:22: N, 805%. 


5This material was investigated further. After recrystallization from a mixture of ethyl acetate 
and dioxane (1: 1) it melted at 182-186°C. (plates). Electrometric titration revealed that it was the 
acetate salt of the N-acetyl de. ivative. Calc. for CooHx0N>2. C2H;0 . C2H4O2: C, 69.9; H, 7.82; 
N, 6.80%. Found: C, 69.96, 69.70; H, 7.77, 7.58; N, 6.74, 6.77%. 
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Electrometric Titration 

A solution of 34.7 mgm. of the acetyl compound (dried at 100°C.) in 4 ml. 
of methanol—water (1: 1) consumed 1.88 ml. of 0.520N methanolic (50%) 
hydrochloric acid, which corresponded to an equivalent weight for the base of 
355 (calc. 352.4) and to a basic group with pK 8.36. The presence of a second 
basic group was not detected. 


Coupling with Diazotized Sulphanilic Acid 

A solution of 31 mgm. of tetrahydrodesoxygelsemine in 0.05 ml. of glacial 
acetic acid was added to the ice-cold diazotization mixture of 21 mgm. of sul- 
phanilic acid. A red color appeared immediately and the solution rapidly turned 
a deep blood-red on stirring. The addition of 20% sodium hydroxide solution 
(0.07 ml.) precipitated an orange solid which was centrifuged down, washed 
with water, and reprecipitated by cooling its solution in a hot mixture of 1 ml. 
of water and a few drops of methanol. The dried powder was copper-orange in 
color and weighed 26 mgm. Its solution in aqueous methanol was orange in 
color, became red when it was acidified, and turned orange again when it was 
made alkaline. These color changes are typical of a methyl orange indicator. 
' Neither gelsemine, nor dihydrogelsemine, nor acetanilide coupled with dia- 
zotized suiphanilic acid. 


Dihydrodesoxygelsemine 

To a solution of 1.25 gm. of gelsemine (acetone-free) in 20 ml. of absolute 
dioxane was added, under nitrogen, 5 ml. of a 3.5% solution of lithium alum- 
inum hydride in absolute ether, and the mixture was refluxed for two hours. 
More of the lithium aluminum hydride solution (1 ml.) was added and the 
refluxing was continued for one hour. To the cooled reaction mixture was 
added 5 ml. of methanol—water (10:1) and the precipitate was removed by 
centrifugation and washed with ether. The combined supernatants were con- 
centrated in vacuo to a small volume which was diluted with water and ex- 
tracted with ether. The combined dried ether extracts, on concentration in 
vacuo left a crystalline residue (1.08 gm.) which was recrystallized from ethyl 
acetate — petroleum ether (1:1) to give 0.9 gm. (75%) of dihydrodesoxygel- 
semine, melting at 136.5-137.5°C. After another recrystallization from ethyl 
acetate — petroleum ether the product consisted of plates melting at 137- 
137.5°C. [a], —31.8 + 0.5 (c, 1.57; an chloroform). Calc. for CooH2sONo2: 
C, 77.9; H, 7.84; N, 9.08%. Found: C, 78.25, 78.13; H, 7.86, 7.69; N, 9.15, 
9.19%. 


Electrometric Titration 

A solution of 51.2 mgm. of dihydrodesoxygelsemine in 4 ml. of methanol— 
water (1:1) consumed 2.22 ml. of 0.0755 N methanolic (50%) hydrochloric 
acid, corresponding to an equivalent weight for the base of 306 (calc. 308.4), 
and to a basic group with pK 8.4. After the addition of an excess of acid (up to 
pH 2), the titration curve indicated the presence of a weakly basic group with 
pK 3.4 
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Dihydrodesoxygelsemine Oxalate 

On addition of an ether solution of anhydrous oxalic acid (40 mgm.) to an 
ether solution of the base (60 mgm.), the oxalate of dihydrodesoxygelsemine 
immediately precipitated and was crystallized from a mixture of methanol and 
ether. Yield, 42 mgm. (plates); m.p. 218-220°C. (dec.) when immersed in a 
bath at 200°C., heated at the rate of 1-2° per min. Cale. for CooH2sONe. 
C.H.O,: C, 66.3; H, 6.58; N, 7.038%. Found: C, 66.41, 66.57; H, 6.63, 6.81; 
N, 7.14%. 


N-Nitrosodthydrodesoxygelsemine 

To a solution of 75 mgm. of the base in 1 ml. of methanol was added 0.8 ml. of 
a 10% aqueous solution of sodium nitrite. The cold (0°C.) solution was acidified 
with 2 N hydrochloric acid and after 10 min. was made alkaline with sodium 
carbonate and extracted with ether. The dried ether solution was evaporated 
and the amorphous residue was crystallized from a mixture of ether and petro- 
leum ether (b.p. 40-60°C.), whereby 45 mgm. of vellow rods melting at 137- 
139°C. were obtained. Calc. for CooH2;,0.N3: C, 71.2; H, 6.87; N, 12.46%. 
Found: C, 70.78, 70.65; H, 6.47, 6.64; N, 12.50%. 


Lieberman Test 

When two drops of concentrated sulphuric acid were added to a mixture of 
1 mgm. of the nitroso compound and a few milligrams of phenol, a green-blue 
color appeared which turned to red on the addition of water and changed to 
green on the addition of alkali. 


Conversion of Dihydrodesoxygelsemine to Tetrahydrodesoxygelsemine 

Hydrogenation of 150 mgm. of dihydrodesoxygelsemine in 5 ml. of 95% 
ethanol with 40 mgm. of palladium black proceeded rapidly and was complete 
in 30 min. (uptake of hydrogen, 15 ml. at N.T.P., 1.3 moles). The product was 
crystallized twice from a mixture of ethyl acetate — petroleum ether (1: 1) 
whereby there was obtained 19 mgm. of prisms melting alone at 140—141°C. 
and in admixture with tetrahydrodesoxygelsemine, at 140.5-141.5°C. Cale. 
for CopH26 N22: C, 77.4; H, 8.44; N, 9.038%. Found: C, 77.58, 77.44; H, 8.48, 
8.30; N, 9.04%. 


Reduction of 3, 3-Dimethyloxindole with Lithium Aluminum. Hydride 

3, 3-Dimethyloxindole was prepared according to the procedure described 
by Briinner (1); m.p. 152.5-153°C. (reported, 151°C.). Cale. for CipHi,;ON: 
C, 74.5; H, 6.88; N, 8.69%. Found: C, 74.46; H, 6.85; N, 8.66%. 


3, 3-Dimethyldihydroindole 

To a solution of 1.2 gm. of 3, 3-dimethyloxindole in 25 ml. of absolute 
dioxane was added, under nitrogen, 7.5 ml. of a 3.5% solution of lithium 
aluminum hydride in absolute ether, and the mixture was refluxed for two 
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hours. More of the lithium aluminum hydride solution (3 ml.) was added 
and the refluxing was continued for one hour. To the cooled reaction mixture 
was added 5 ml. of methanol—water (10: 1) and the precipitate was centrifuged 
down and washed with ether. The combined supernatants were concentrated 
to a small volume which was diluted with water and extracted with ether. 
The ether extract was dried over sodium sulphate and concentrated in vacuo 
to an oil which was distilled (8 mm., air bath temp., 90—100°C.); the distillate 
crystallized, on cooling, in long needles. Yield, 0.89 gm. (82%); m.p. after 
redistillation, 34-34.5°C. Reported for 3, 3-dimethyldihydroindole, 34.5°C. (1). 
Cale. for CioHi3N: C, 81.6; H, 8.90; N, 9.52%. Found: C, 81.56, 81.76; 
H, 8.71, 8.62; N, 9.63, 9.438%. 


On addition of an ether solution of anhydrous oxalic acid (0.4 gm.) to an 
ether solution of the 3, 3-dimethyldihydroindole (0.4 gm.), the oxalate imme- 
diately precipitated and was crystallized from a mixture of absolute ethanol 
and ether (1:3). Yield, 0.53 gm.; m.p., after recrystallization, 140—-141°C. 
(plates). Reported for the oxalate of 3, 3-dimethyldihydroindole, m.p. 139°C. 
(1). Cale. for CyoHisN . CsH2O4: C, 60.7; H, 6.387; N, 5.91%. Found: C, 
60.81; H, 6.26; N, 6.10%. 
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THE REDUCTION OF NITROGLYCERIN WITH 
TITANOUS SULPHATE 


By P. FAINER! 


Abstract 


A study of the reduction of nitroglycerin with titanous sulphate has been 
carried out. The results indicate that for each mole of nitroglycerin reduced, 
18 moles of titanous ion are oxidized, two moles of ammonia, one-half mole of 
nitrogen trioxide, and one mole of glycerol are formed. It has been shown that 
the reduction takes place first to 1,3-dinitro-2- nitrosoglycerin which, after 
hydrolysis to 1, 3-dinitroglycerin, is reduced to glycerol with the probable inter- 
mediate formation of 1, 3- dinitrosogly cerin. The determination of nitroglycerin 
by the Shankster and Wilde method is more accurate when 70% acetic acid is 
substituted for methanol as the solvent for nitroglycerin. 


It was found by Oldham (5) that in the reduction of nitric esters with 
titanous chloride, each mole of the ester consumed 7.5 moles of titanous ion. 
If the reduction were to go to completion, then eight moles of the titanous 
chloride would be consumed as shown by Equation (1). 


R—ONO,+ 8Tit+*++ 8H*+——— ROH + 8Ti****+ NH;+ 2H:O (1) 


The reduction of nitroglycerin, if carried through to completion, might there- 
fore be expected to correspond with the following equation: 


CH.—ONO, CH:—OH 

| 

CH—-ONO2+ 24Tit+++ 24Ht ——> C H—OH + 24Ti**** + 6H.O + 3NH; 
| | (2) 
CH.—ONOs, CH.—OH 


Shankster and Wilde (6) showed, however, that only 18 moles of titanous 
chloride are consumed quantitatively by one mole of nitroglycerin, and postu- 
ated, but did not investigate, the following equation: 





CH:—ONO; CH.—ONH, 
CH- ONO,+ 18Tit** + 18Ht—— C H—ONH, + 18Ti**** + 6H:0 (3) 
CH.—ONO; CH.—ONH; 


In carrying out the Shankster and Wilde procedure, which consists of re- 
fluxing a methanolic solution of nitroglycerin with excess titanous sulphate 
followed by back-titration of the excess titanous sulphate with standard ferric 
alum, low and inconsistent results were obtained (Table I). 


During the war it was reported that a modification of the Shankster and 
Wilde procedure yielded complete reduction of the nitroglycerin to ammonia, 


1 Manuscript received September 18, 1950. 
Contribution from the Defence Research Board, Canadian Armament Research and 
Development Establishment, Valcartier, Quebec. 
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TABLE I 


THE REDUCTION OF NITROGLYCERIN (SHANKSTER AND WILDE METHOD) 








Wt. of nitroglycerin | Wt. of nitroglycerin | % 
added, mgm. found, mgm.* | Recovery 
27.77 21.94 79.0 
10.73 9.37 | 87.3 
10.73 10.07 | 93.9 


| 


* Based on 1 mole nitroglycerin = 18 gm. atom Ti+++ 





giving an equivalence of 24 moles of titanous salt per mole of nitroglycerin in 
accordance with Equation (2). This modification consisted of substituting 70% 
acetic acid for methanol as the solvent for nitroglycerin and the use of phos- 
phorus-free titanous chloride. Phosphorus-free titanous chloride was employed 
as it was found that the presence of this element interfered in the reduction. 


Attempts to repeat this result were unsuccessful (Table II), it being found 
that 18 instead of 24 moles of titanous ion were consumed by each mole of 
nitroglycerin. However, as can be seen from the results, considerably better 


precision and accuracy are obtainable with the modified method than with the 
original. 


TABLE II 


THE REDUCTION OF NITROGLYCERIN (MODIFIED METHOD) 











Wt. of nitroglycerin 
added, mgm. 


| Wt. of nitroglycerin 


found, mgm." 





Recov ery 








| 
eer Sa 
21.37 | 99.96 | 
21.38 21.36 | 99.95 
20.30 20.38 100.4 
20.30 20.44 100.7 
20.30 20.32 | 100.1 
20.30 20.18 | 99.40 
20.30 20.24 | 99.70 
20.30 | 20.12 | 99.10 
20.59 | 20.39 | 99.27 
| | 
INE rl Sie 5 1 Shona teaced e's oe 99.88% 
NECAR GOVIGtIOR.. 0... 6.0606 «065. +0.42% 





* Based on 1 mole nitroglycerin = 18 gm. atom Tit+++ 

In an endeavor to account for the higher equivalence found by the original 
workers using the modified method, the possible catalytic effects of iron and 
aluminum known to be present in the titanous solutions used by them were 


studied. As can be seen from Table III, no significant effect was observable in 
these experiments. 


Attertion was then turned to variation of acidity as a possible cause of 
difference between the results of the various workers. Table IV shows that 
increase in acidity brings about a decrease in the amount of titanous ion con- 
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TABLE III 


EFFECT OF IRON AND ALUMINUM ON THE MODIFIED METHOD 














Reagent added Nitroglycerin Nitroglycerin % Nitroglycerin 

added, mgm. found, mgm.* found 

10 ml. 0.25 M AICI; 23.18 23.16 99.92 

10 ml. 0.25 M AICI;+ 

10 ml. 0.1 AM ferric alum 23.18 23.22 100.2 

10 ml. 0.1 M ferric alum 23.18 23.16 99.92 

* Based on 1 mole nitroglycerin = 18 gm. atom Ti+++ 
TABLE IV 


EFFECT OF ACIDITY ON THE MODIFIED METHOD 


Moles titanous 


Millimoles Millimoles sulphate con- 
Ml. H.2SO; MI. titanous titanous nitroglycerin sumed per mole 
added sulphate used sulphate used present nitroglycerin 


reduced 











0.56 9.58 1.695 0.09414 18.01 
5 6.94 1.228 si 13.04 
20 5.32 0.9411 ra 9.99 
4 4.85 0.8572 Ke 9.11 
80 4.80 0.8493 ai 9.02 





N titanus sulphate = 0.1769. 


sumed. The results, moreover, tend to a minimum corresponding with an 
equivalence of nine moles of titanous salt per mole of nitroglycerin (Table IV). 


The minimum value reached corresponds to the equation 


3NO;— + 12H* + 9Tit** ——— 9Ti***> + 6H.O + 3NO (4) 
which could occur if the reduction is preceded by hydrolysis of the ester. 
CH.— ONO: CH:—OH 
| | 
CH-—ONO,+ 3H,O ——————-—> CH-—OH + 3HNO; (5) 
| 
CH:—ONO, CH,—OH 


Since the earlier experiments had shown a consumption of 18 equivalents of 
titanous salt per mole of nitroglycerin, it is unlikely under the reaction condi- 
tions then used that the formation of nitric acid or nitrate ion precedes the 
reduction. This introduces the possibility of differences in the reactions under- 
gone respectively by the primary and secondary nitric ester groups present in 
nitroglycerin. To throw further light on this, a detailed study of the reaction 
was undertaken. 
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Behavior of the Primary Nitrate Group 


To verify that polyfunctional aliphatic primary nitric esters are reduced to 
ammonia and the corresponding alcohols, solutions of pentaerythritol tetra- 
nitrate and methyltrimethylolmethane trinitrate (containing 4 and 5 primary 
nitrate groups respectively) were refluxed with titanous sulphate. It was found 
that these compounds are reduced to the extent of about 90% to ammonia 
and the corresponding alcohols with no formation of nitrogen trioxide. 


It was thought probable that the reduction of the primary nitric ester groups 
of nitroglycerin to ammonia takes place with the intermediate formation of 
1,3-dinitrosoglycerin. If such is the case, then primary nitrites should be reduced 
by titanous sulphate to ammonia. This was verified by refluxing n- -butyl nitrite 
with titanous sulphate and analyzing the reaction products. 


It was found that ammonia was formed, titanous sulphate was oxidized, and 
no oxides of nitrogen were evolved. ‘ 


Behavior of the Secondary Nitrate Group 
Analysis of the gaseous products (Table V) formed in the reduction of nitro- 
glycerin with titanous sulphate shows that for each mcle of nitroglycerin re- 
duced, two moles of ammonia and one-half mole. of nitrogen trioxide are formed, 
TABLE V 
DETERMINATION OF GASEOUS REACTION PRODUCTS 














| | 
| Molar ratio | Wt. of nitrogen | Molar ratio 
Wt. of nitro- Wt. of ammonia | ammonia/ trioxide re- nitrogen trioxide/ 
glycerin, mgm. | recovered, mgm.| nitroglycerin | covered, gm. | nitroglycerin 
aaeee, ened 
32.07 | 4.81 | 2.00 | 0.0163 0.455 
32.07 4.72 1.96 | 0.0923 | 0.500 
| | Ay. 1.98 | Av. 0.48 
| 





suggesting that two of the nitrate groups are completely reduced and the third 
only partially, forming 1,3-dinitro-2-nitrosoglycerin as an intermediate. It is 
not unreasonable to assume then that the reduction is symmetrical in that the 
two moles of ammonia formed are derived from the two primary nitrate groups 
which are equivalent to each other, the nitrogen trioxide being formed through 
the partial reduction of the secondary nitrate group, followed by hydrolysis 
without further reduction. If such is the case, then it would be expected that the 
reaction is a stepwise one. Indeed, the potentiometric titration of nitroglycerin 
with titanous sulphate bears this out (Fig. 1). 


It may be calculated from the data given in Fig. 1 that the first inflection in 
the curve takes place at the point where just enough titanous sulphate has been 
added to reduce one nitrate group to the nitroso stage. Since this reduction is 
only a partial one, it appears to be the secondary nitrate group which is thus 
affected since it has already been shown that the primary nitrate groups in 
nitroglycerin are completely reduced. 
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The potentiometric titration of nitroglycerin with titanous sulphate. 


To show that the intermediate compound 1, 3-dinitro-2-nitrosoglycerin may 
be hydrolyzed, without further reduction, in the presence of titanous sulphate, 
secondary butyl nitrite was prepared (4) and refluxed with titanous sulphate. 
There occurred an immediate evolution of a gas which, when analyzed, was 
shown to be nitrogen trioxide. Titration of the solution with standard ferric 
alum showed no oxidation of the titanous salt. Analysis of the reaction products 
showed no evidence of ammonia formation. 


We may therefore conclude on the basis of the above evidence that the 
nitrogen trioxide formed during the reduction of nitroglycerin comes from the 
secondary nitrate group, through hydrolysis of the intermediate nitroso com- 
pound (Equation (6)). 
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Isolation of i, 3-Dinitroglycerin 
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\ 


+ N:0; (6) 





1, 3-Dinitroglycerin was isolated from the reaction mixture and yielded a 
benzoyl derivative melting at 67-68°C. and a p-nitro benzoyl derivative melting 
at 94-95°C. These melting points correspond to those given by Will (7) for the 
benzoyl and p-nitrobenzoyl derivatives of 1, 3-dinitroglycerin. 
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The reduction of nitroglycerin with titanous sulphate may now be formu- 
lated as follows: 
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CH,—ONO, CH,—ONO - CH.—OH 
|. | | 
CH-OH +16H —>| CH—OH — + CH-OH + 2NH;+ 4H.O 
CH,—ONO, CH:—ONO CH.—OH 
Experimental 
Materials 


1. Pure titanous sulphate in 1N sulphuric acid prepared by dissolving pure 
titanium hydride in 145 ml. of warm 35% sulphuric acid. The resulting solu- 
tion after filtration was diluted to one liter with freshly boiled distilled water 
and stored under an atmosphere of carbon dioxide. 


2. A standard solution of nitroglycerin in 70% acetic acid (about 0.2%), 
prepared by weighing out a definite amount of nitroglycerin into a tared 
stoppered weighing bottle and transfering quantitatively into a volumetric 
flask. 


3. Standard solutions of: ferrous ammonium sulphate; ferric ammonium 
sulphate; potassium permanganate; hydrochloric acid. 


4. 5% Ammonium thiocyanate; 40% sodium hydroxide; 5% nitric acid in 
95% sulphuric acid. 


5. Milligan gas washing bottles; Beckman Model H-2 pH meter equipped 
with a platinum and tungsten electrode. 
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Modified Method 


A 10 ml. aliquot of the standard nitroglycerin solution was pipetted into an 
Erlenmeyer flask equipped with a side arm, and the air expelled by a stream 
of carbon dioxide which was maintained throughout the determination. Twenty 
milliliters of 0.2 N titanous sulphate was then added from a carbon dioxide 
filled burette. The contents was boiled under reflux for 10 min., cooled to room 
temperature, and the excess titanous sulphate titrated with standard 0.15.N 
ferric ammonium sulphate, 5 ml. of 5% ammonium thiocyanate being added 
toward the end of the titration as indicator. 


A blank determination using 10 ml. of 70% acetic acid in place of the nitro- 
glycerin solution was carried on simultaneously. The difference between the 
two titrations gave the titanous sulphate consumed by the nitroglycerin. 


This method differs from that of Shankster and Wilde (6), mainly in the use 
of 70% acetic acid instead of methanol as a solvent for nitroglycerin. 


Effect of Acidity 

The modified method was employed except that varying amounts of acid 
were added before reflux was begun. The practice was adopted of diluting to a 
final normality of not more than 5N with respect to sulphuric acid (in the case 
of the concentrated acid solutions) since the end point was unsatisfactory at 
higher concentrations. 


Determination of Ammonia 

After reduction of the nitroglycerin, enough 40° sodium hydroxide was 
added to the cold solution both to precipitate the titanium salts and to make 
the solution alkaline. The ammonia formed was distilled from the solution into 
boric acid and determined by titration with standard hydrochloric acid. 


Determination of Nitrogen Trioxide 

The basic method emploved is that of Milligan (3). A stream of carbon 
dioxide (source—dry-ice) was bubbled through the boiling reaction mixture 
into a train of two Milligan gas washing bottles. The first bottle (4) contained 
200 ml. of 95% sulphuric acid for the absorption of nitrogen dioxide, and the 
second bottle (B) contained 200 ml. of a 5% solution of nitric acid in 95% 
elphuric acid for the absorption of nitric oxide. Carbon dioxide was swept 
through the apparatus for a period of two hours, after which time a 25 ml. 
aliquot was removed from each bottle, and added, with cooling, to 800 ml. of 
diluted potassium permanganate (containing 10 ml. of phosphoric acid to pre- 
vent the precipitation of oxides of manganese). An excess of standard ferrous 
sulphate was then added, the excess being back-titrated with the standard 
permanganate. 


Results in Table V indicate that the gas formed from the reduction of one 
mole of nitroglycerin consists of one-half mole of nitrogen trioxide (or of an 
equimolar mixture of nitric oxide and nitrogen dioxide). 
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According to Lunge and Berl (1, 2), the absorption of an equimolecular 
mixture of nitric oxide and nitrogen dioxide is practically complete in concen- 
trated sulphuric acid, two moles of nitrosylsulphuric acid being formed as shown 
by the following equations: 

NO.+ NOW —————— — NOs; (8) 

N2O3+ 2H.SO, a 2NOHSO,+ H:O0 (9) 
Since there was no gas absorbed in bottle (B), nitric oxide alone was not 
evolved. 





When nitrogen dioxide alone is absorbed in sulphuric acid, only one mole of 
nitrosylsulphuric acid is formed for each two moles of nitrogen dioxide. 


2NO.+ H.SO, ——-—————— NOHSO.,+ HNO; (10) 


The results obtained from the analysis of the gases absorbed in bottle (A) 
(Table V) clearly indicate that nitrogen dioxide alone was not evolved since one 
mole of nitrosylsulphuric acid was formed per mole of nitroglycerin reduced, 
and it had already been shown that two of the three nitrogen atoms in nitro- 
glycerin were reduced to ammonia. 


Potentiometric Titration of Nitroglycerin with Titanous Sulphate 

To 50 ml. of 70% acetic acid containing 0.275 gm. of nitroglycerin was added 
150 ml. of 30% sodium acetate. After each addition of 1 ml. of 0.2 titanous 
sulphate, the solution was allowed to react for five minutes before measure- 
ments of the e.m.f. were taken. Throughout the titration the solution was kept 
at 95°C. and at constant volume in an atmosphere of carbon dioxide. The | 
results obtained are plotted in Fig. 1. 


Isolation of 1, 3-Dinitroglycerin 

To a solution of nitroglycerin in acetic acid wag added just enough titanous 
sulphate to reduce the secondary nitrate group to the nitrite. The solution was 
refluxed and after the reaction was complete, the mixture was cooled, filtered 
free from hydrated titanic oxide, and extracted with ether. A yellow oil ob- 
tained after evaporation of the ether yielded a benzoyl derivative melting at 
67-68°C. and a p-nitrobenzoy] derivative melting at 94—95°C. 
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POLAROGRAPHIC DETERMINATION OF BENZOYL PEROXIDE 
AND CUMENE HYDROPEROXIDE! 


By Paut A. GIGUERE AND D. LAMONTAGNE 


Abstract 


Benzoyl peroxide and cumene hydroperoxide (CHP) are reduced at the anod- 
ically polarized dropping mercury electrode, the former at about +0.3 volt vs. 
S.C.E., and the latter at +0.1 v. Their half-wave potentials as well as that of 
the two reduction steps of dissolved oxygen are gradually shifted towards more 
negative values with increasing concentration of organic peroxides. The polaro- 
graphic method is suitable for determining these peroxides in concentrations up 
to 2 X 10-% mole per liter. Dissolved oxygen does not interfere seriously with 
the analyses. 


Previous applications of the polarographic method to analysis of organic 
peroxides have not led to corclusive results. Neumann and his coworkers (2, 7) 
investigated the electroreduction at the dropping electrode of methyl hydro- 
peroxide and diethyl peroxide in various supporting electrolytes. Indepen- 
pendently Stern and Polak (9) made similar measurements and arrived at 
quite different values for the reduction potentials. Recently the method has 
been applied to the detection and identification of peroxides in oxidized fats 
(5, 6). The widespread use of benzoyl peroxide and cumene hydroperoxide 
(CHP) as polymerization catalysts in the manufacture of synthetic rubber has 
prompted us to study the possibility of determining low concentrations of these 
compounds polarographically. 


Experimental 


All measurements were done with a Heyrovsky polarograph of the photo- 
graphic recording type (Sargent, Model XI). The sensitivity of the galvano- 
meter was 0.16 wamp. per mm. with the shunt used, and the characteristics of 
the dropping mercury electrode were m?/* t'/§ = 1.42 mgm.” ’ sec.~!/? with a drop- 
time of 5.45 sec. in 0.1 N potassium chloride at —1.0 v., except for the first few 
runs (Fig. 1) for which they were 2.12 mgm.?’* sec.~'’? and 3.43 sec. In most 
cases the cell was an open 50 cc. beaker connected through agar bridges to the 
reference electrode which was a saturated calomel electrode in all cases. The 
resistance of the circuit was of the order of 1600-1800 ohms. It was not con- 
venient to use a Heyrovsky cell because of the oxidation of the mercury anode 
by the organic peroxides. The measurements were all done at 25.0°+ 0.2 C. 


The sample of cumene hydroperoxide was Hercules Powder Company’s 
commercial solution kindly supplied by the Polymer Corporation Ltd., Sarnia, 
Ont. It contained about 96% peroxide, the impurities being mainly the decom- 
position products: acetophenone, a, a’-dimethylbenzyl alcohol, etc. (3). As far 


1 Manuscript received August 18, 1950. 
Contribution from the Department of Chemistry, Laval University, Québec, Que., with 
financial assistance from the National Research Council through its associate Committee on Syn- 
thetic Rubber. 
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0 —0.5 —1.0 —1.5v. 





Fic. 1. Current-voltage curves of cumene hydroperoxide in 0.1 N potassium chloride. The 


cumene hydroperoxide concentrations are, from bottom to top, (1) blank, (2) 2.85, (3) 5.7, (4) 8.55, 
and (5) 11.4 X 10-4 mole per liter. Methyl red as maximum suppressor. 


as could be ascertained, the impurities did not interferé with the polarographic 
analysis except for acetophenone, as explained below. The benzoyl peroxide 
was Eastman Kodak's recrystallized from alcohol. 


Results 


The first analyses were done in 0.1 N potassium chloride solutions; previous 
investigators of organic peroxides used lithium chloride (2, 9), but a few tests 
showed that the potassium salt gives essentially the same results. The most 
remarkable features of the current-voltage curves in Fig. 1 is the reduction of 
cumene hydroperoxide at the anodically polarized (vs. S.C.E.) dropping elec- 
trode. The electroreduction of quinone (8) gives the same type of curves. The 
beginning of the peroxide wave at about + 0.1 v. is obscured by the fact that 
at positive potentials the mercury of the electrode goes into solution, forming 
complexes with the chloride ion. Therefore the following determinations were 
done in 0.1 N potassium nitrate as supporting electrolyte. In this medium the 
complete reduction wave may be obtained, Fig. 2. 


The exact value of the reduction potential cannot be ascertained first, 
because of the poorly defined shape of the wave, and second, because it is 
displaced towards more negative values with increasing concentration of 
cumene hydroperoxide. The two reduction steps of dissolved oxygen are af- 
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Fic. 2. Current-voltage curves of cumene hydroperoxide in 0.1 N potassium nitrate. From 


bottom to top the cumene hydroperoxide concentrations are (1) blank, (2) 5.43, (3) 10.87, and (4) 
16.31 X 1074 mole per liter. Methyl red as maximum suppressor. 


TABLE I 
POLAROGRAPHIC REDUCTION OF BENZOYL PEROXIDE AND CUMENE HYDROPEROXIDE 

















Half-wave potentials, volts* 
Diffusion | 
current of 


Peroxide conc., | 
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mole/l. x 104 Peroxide Ist Oxygen 2nd Oxygen peroxide, all ts 
| ie ee oe eroxide conc. 

wave wave wave | amp. 

Cumene hydroperoxide in 0.1 N potasstum chloride (Fig. 1) ay 

0.00 7 | 0.103 —0.872 ** “ 

2.85 - —0.105 —0.883 1.92 0.674 

5.70 - —0.109 —0.898 3.84 0.674 

8.50 - —0.121 —0.911 5.76 0.678 
11.40 | - —0.122 —0.918 7.68 0.674 

Cumene hydroperoxide in 0.1 N potassium nitrate (Fig. 2) 

0.00 | - —0.107 —0.870 “gi - 

5.43 +0.097 —0.112 —0.890 2.40 0.441 
10.87 +0.090 —0.154 —0.930 4.80 0.441 
16.31 +0.073 | -—0.172 —0.957 6.20 0.441 

Benzoyl peroxide in 0.1 N potassium nitrate (Fig. 3) a 

0.00 - —0.223 —1.159 = | = 

3.86 +0.290 —0.226 —1.157 1.19 0.308 

7.73 +0.278 —0.232 —1.160 2.24 0.290 
11.60 +0.279 —0.234 —1.147 3.36 0.290 
15.47 +0.269 —0.240 —1.144 4.48 0.290 

* All potentials corrected for IR drop. ** Measured at —1.2 D. *** Veasured at +0.07 v. 
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fected in a similar way (Table I); the waves also show a tendency to become 
steeper, especially the second one at —1.0 v., as may be noted in Figs. 1 and 2 

Benzoyl peroxide had to be electrolyzed in water—alcohol mixtures because 
its solubility in aqueous solutions of electrolyte is below the limit of sensitivity 
of the polarographic method. Its half-wave potential near +0.3 v. is also 
dependent on its concentration in the solution (Fig. 3), but those of oxygen 
show no regular trend. However, they are widely affected by the composition 
of the supporting electrolyte, owing mainly to the much greater solubility of 
oxygen in alcohols than in water. Since we are dealing here with irreversible 
reactions the significance of the various factors involved in these phenomena 
is not easily deciphered. 
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Fic. 3. Reduction curves of benzoyl peroxide in ethanol—water mixture (50:50 in volume) 


0.1 N potassium nitrate. The concentrations of peroxide are (1) blank, (2) 3.86, (3) 7.73, (4) 
11.60, and (5) 15.47 XK 10~* mole per liter. Methyl red as suppressor of maxima. 








Another feature of the reduction curves of these two peroxides is the appear- 
ance of maxima even in absence of oxygen. The polarograms in Fig. 4 were 
obtained by bubbling through the solutions a stream of nitrogen that had passed 
through alkaline pyrogallol and over heated copper turnings. Methyl red was 
an efficient maximum suppressor for benzoyl peroxide (Fig. 3) and for cumene 
hydroperoxide in potassium chloride solution (Fig. 1) but less so in potassium 
nitrate solution (Fig. 2). Strychnine sulphate was not satisfactory for this 
purpose, contrary to the case of hydrogen peroxide (4). Under the operating 
conditions reported above, the diffusion coefficient of benzoyl peroxide was 
calculated to be 2.8 &K 10~* cm.* sec.~' and that of cumene hydroperoxide, 
6.4 & 107°. 
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Fic. 4. Reduction curves of cumene hydroperoxide in 0.1 N potassium nitrate, air-free solu- 
tion. The concentrations of cumene hydroperoxide are: (1) blank, (2) 5.26, (3) 10.53, and | Y 


15.79 X 107‘ mole per liter. No maximum suppressor added. 
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Current-voltage curves of cumene hydroperoxide in 0.1 N potassium nitrate solution 
Bottom curve: no peroxide; middle, 4.53; top, 9.06 X 10-4 mole per liter. 
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As a practical conclusion the polarographic method appears, therefore, 
suitable for the analysis of these two peroxides in concentrations up to about 
2 X 107? mole per liter. Also, because they are reduced readily at the dropping 
mercury electrode the presence of dissolved oxygen does not interfere seriously 
with their determination. Indeed their diffusion current may be measured as 
well from the two oxygen plateaus, provided, of course, that the blank and 
peroxide analyses are all done in air saturated solutions. In particular the 
method may be used to follow the disappearance of these catalysts in poly- 
merization reactions. Furthermore the degree of purity of cumene hydro- 
peroxide can be estimated easily since acetophenone, one of the decomposition 
products, is reduced at —1.6 v. (1). There is no need for buffering the solutions; 
at pH 2 the peroxide wave is considerably distorted (Fig. 5), and tends to 
merge into the first oxygen wave. 


It would be of interest to extend this investigation further to include other 
organic peroxides for, aside from its practical interest, it could provide valuable 
data for the theory of irreversible electrode reactions. 
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Résumé 


Le peroxy de de benzoyle et Il’hydroperoxyde de cuméne employés comme cataly seurs de 
polymérisation dans la fabrication du caoutchouc synthétique peuvent étre déterminés a des 
concentrations allant jusqu’a 2 X 10~* mole par litre au moyen de l’électrode 4 gouttes de 
mercure. IIs sont réduits 4 des potentials d’environ +0.3 et +0.1 volt respectivement (par 
rapport a l’électrode de calomel saturée). La présence d’oxygéne dissous dans la solution 
n’affecte pas les mesures. 
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THE EXCHANGE OF IODINE BETWEEN INORGANIC 
IODIDES AND n-BUTYL IODIDE! 


By G. W. Hopcson, H. G. V. Evans, Anp C. A. WINKLER 


Abstract 


Lithium, sodium, and caesium iodides are highly ionized in acetonitrile solution 
and have practically the same rates and activation energies (18 kcal. per mole) 
for their exchange reactions with n-butyl iodide in this solvent. There seems 
little doubt, therefore, that these exchange reactions occur between the organic 
iodide and iodide ion derived from the inorganic salt. Zinc and cadmium iodides, 
and iodine, are only slightlv ionized in acetonitrile and exchange with n-butyl 
iodide with rates that are widely different from one another and from the rate of 
iodide ion exchange. The activation energies are 21.9, 20.6, and 17.5 kcal. per 
mole respectively. It is concluded that these exchange reactions involve pre- 
dominantly complex ions. 


Introduction 
The halogen exchange reaction between aliphatic and alkali metal halides 
has generally been assumed, from indirect evidence, to be a reaction between 
the organic molecule and a halide ion derived from the inorganic halide (3, 7, 
8, 9, 10, 13). On the other hand, aluminum halides apparently exchange by 
ionization of the organic halide (1, 5, 6) while exchange of elemental halogens 
with organic halides appears to involve an atomic mechanism (2, 12). 


Direct evidence has recently been presented (4) for the ion mechanism in 
exchanges between lithium bromide and alkyl bromide in anhydrous acetone 
and between sodium iodide and alkyl iodides in methanol. Velocity coefficients 
were found to vary with dilution for the former, but not for the latter, reaction. 
The results correlate with the degree of dissociation of the inorganic halide 
inferred from conductance measurements. 


In the present study, the mechanism of exchange between aliphatic and 
inorganic halides was sought by comparing the rates of halogen exchange be- 
tween n-butyl iodide and different inorganic iodides in acetonitrile with the 
degree of ionization of the inorganic halides in the same solvent. 


Experimental and Results 
Because of the ready availability and convenient half life of I'*!, this isotope 
was used in the exchange reactions of n-butyl iodide with iodine and with the 
iodides of lithium, sodium, caesium, zinc, and cadmium, in acetonitrile solu- 
tions. 


Molecular Weight Determinations 
Molecular weight determinations were made to demonstrate the relative 
degrees of ionization of the alkali iodides and zinc and cadmium iodides in 


1 Manuscript received in original form June 30, 1950, and, as revised, October 30, 1950. 
Contribution from the Physical Chemistry Laboratory, McGili University, Montreal, Que., 
with financial assistance from the National Research Council of Canada. 
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acetonitrile solution. The ebullioscopic method, with standard Cottrel ap- 
paratus, was used. Fig. 1 shows the linear relations obtained by plotting ap- 
parent molecular weight against concentration of dissolved iodide. The results 
indicate that the alkali iodides are completely ionized, zinc iodide is not appre- 
ciably ionized, and cadmium iodide is associated. 


Conductance Measurements 


Conductance measurements were made on solutions of the various iodides 
in acetonitrile, using a conductivity cell designed for solutions of high resistance 
and an Industrial Instruments Inc., Model RC-1, conductivity bridge. All 
measurements were made ai 25°C. and corrections were applied for the specific 
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Fic. 1. Molecular weight determinations in acetonitrile. 
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conductance of the solvent. Fig. 2 shows that the three alkali iodides behaved 
as strong electrolytes in acetonitrile, while zinc and cadmium iodides and 
iodine behave as weak electrolytes. 


Exchange Experiments 
Radioactive iodine, I'*', was obtained as carrier-free sodium iodide from the 
National Research Council Atomic Energy Project, Chalk River. 


Technical grade acetonitrile was dried over anhydrous potassium carbonate, 
and a fraction distilling in the range 81.4-81.5°C. used as solvent in all the 
exchange reactions. Exhaustive tests showed that no reaction of the solvent 
with sodium iodide occurred, even at temperatures of 200°C. 
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Fic. 2. Conductance of inorganic iodides in acetonitrile, 
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n-Butyl iodide was shaken with mercury to remove traces of free iodine, and 
a fraction boiling at 128.4—-128.5°C. taken for the kinetic studies. 


Lithium iodide trihydrate was dehydrated at 130°C. and the residue, con- 
taining some free iodine, was dissolved in acetonitrile to yield a solvate which 
was recrystallized several times from acetonitrile. A stock solution of the sol- 
vate was prepared in acetonitrile and its concentration determined by gravi- 
metric iodide analysis. 


Sodium, caesium, and zinc iodides were reagent grade and were merely dried 
at 120°C. before use. Cadmium iodide (‘‘crystals’’) and reagent grade iodine 
were used without treatment. 


Prior to an exchange experiment, a solution of each reactant, of appropriate 
concentration, was brought to the temperature of the thermostat, which was 
regulated within + 0.02°. The solutions were mixed at zero time, and at suit- 
able intervals samples were withdrawn with a rapid-delivery pipette. Reaction 
in the sample was quenched by separation of the inorganic and organic iodides. 


Early in the investigation, separation of the iodides was achieved by a 
benzene—water extraction. The water layer, containing the inorganic iodide, 
was washed several times with benzene, after which its iodide content was pre- 
cipitated with aqueous silver nitrate. The iodine content of the butyl iodide 
in the benzene layer was precipitated with alcoholic silver nitrate. This re- 
action, which took place very slowly at room temperature, went to completion 
in a few minutes at 80°C. 


In later experiments it was found possible to dispense with the time-con- 
suming extraction when analysis of only the inorganic iodide was to be made. 
When aqueous silver nitrate was added to a faintly acid solution of butyl iodide 
in acetonitrile, methanol, or mixtures of these, cloudiness developed at room 
temperature only after about two minutes, and no silver halide could be centri- - 
fuged down even after five minutes. Hence, the inorganic iodide could be pre- 
cipitated directly from the reaction mixture, since to precipitate; centrifuge, 
and decant from the packed precipitate required less than one minute. Experi- 
ments showed that this direct precipitation gave essentially the same results 
as the earlier extraction procedure. 


The silver iodide precipitate was washed successively with methanol and 
water, and was then slurried in boiling, concentrated nitric acid to remove any 
silver cyanide or traces of organic material that might be present, and to obtain 
the silver iodide in a form that gave very fine suspensions in subsequent 
washings. Loss of some silver iodide by decomposition in the acid was of no 
concern, since total recovery of the iodide was not required for calculations 
based on specific activities. After the acid treatment, the precipitate was 
washed once with water and twice with methanol. It was then slurried in 5 cc. 
of anhydrous methanol, in which coarse particles settled out immediately. The 
remaining suspension was poured into a glass ring which was ground to give 
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leak-proof contact with a weighed glass plate. On evaporation of the methanol, 
without boiling, under an infrared lamp, a smooth deposit of silver iodide was 
obtained. After determining the weight of the deposit, its activity was measured 
with a standard counting assembly using an end-window Geiger tube and a 
scale of sixty-four scaler. A preliminary five minute count was followed by a 
count of such duration that at least 10,000 counts were registered. The activity 
of the original solution was adjusted where possible so that a sample of silver 
iodide weighing about 35 mgm. required only two or three minutes for 
counting. 


Extensive tests showed no evidence of self-absorption in smooth deposits of 
silver iodide weighing less than 60 mgm. However, if heavy particles of the 
iodide were not allowed to settle out before decanting the methanol suspension 
into the glass ring, the specific activity was significantly reduced as a result of 
self-absorption. 


In most of the experiments, the inorganic iodide was made radioactive 
initially and the course of the exchange was followed by the decrease in its 
specific activity. This procedure was justified by following the course of an 
exchange reaction from the change in activity of both the organic and inorganic 
iodides. The two sets of results were essentially the same. Similarly, experiment 
showed that it was immaterial which iodide, organic or inorganic, was made 
radioactive initially. 

The derivation of the rate constant as presented by McKay (11) may be 
generalized for inorganic halides of the type MI,, where the reacting species is 
M,I, formed from MI, by dissociation or association. Assuming that these 
processes are fast compared with the exchange reaction, the active iodide will 
be statistically distributed over all the inorganic species present at any time. 

For the exchange reaction 

RI + M,I,-11* = RI* + M,l,. 
Let V be the total number of exchanges per hour, 
b the total concentration of organic halide, RI (moles per liter), 
a the total concentration of MI, added to the system, 
a the ratio of the concentration of the reacting species to the total concen- 
tration of inorganic iodide, 
c the initial concentration of active inorganic iodide 
and x the concentration of active organic iodide at any time ¢. 
Then, 


ds eat — =) od 


us we 
dt q "nn. aa “6 
= 


—- | be — x(b + na) : 
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The first term on the right hand side represents the fact that, of the V moles 

aq(c — x) 
naa 


of active species reacting, the small fraction contains active iodine, 


— case 1 . 
and that because this fraction is small only — of these exchanges will lead to 
q 
a transfer of active iodine. Correspondingly, the second term gives the number 


of exchanges that transfer active atoms from organic to inorganic molecules. 
If x = 0 initially, integration gives 
nab 1- 
In , 
(na + bd)t 1—x(1+ na) 
c b 


V= 





But V = k-: aab, 
where & is the second order rate constant for the reaction. Hence, 


n 1 











ak = In 

(na + b)t 1— A(l+ 6) 

Ao na 
n 1 
an In " 
(na + bd)t l-—o 
where A = ; and Ay = — are the specific activities determined experimen- 
na 


tally and oa is the degree of exchange. If the reaction is third order involving 
two reactants derived from the inorganic iodide, the rate expression becomes 


n ] 
In ‘ 
a(na + bd)t l-—o 











ajack = 


Table I summarizes the data obtained for the various exchange reactions © 
investigated. The value of ak recorded in the table for a given temperature is 
the average of the individual values calculated for different reaction times. 
The mean deviation of the individual values of ak from the average was gener- 
ally less than + 3%. 


The results for cadmium iodide have been calculated from both the second 
order and third order rate expressions. Unfortunately, data for only a single 
variation in concentration of cadmium iodide are available, but there seems 
little doubt that this reaction conforms better to the third order than to the 
second order rate equation. 


The activation energies for the six exchange reactions are given in Table IJ, 
together with the value of ak (or a;a2k) for each exchange calculated for 25°C. 
The Arrhenius lines were sufficiently good that the activation energies were 
calculated with a probable error of approximately 1%. 
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TABLE I 


EXCHANGE OF INORGANIC IODIDES WITH ”-BUTYL IODIDE 


Concentration of 
n-butyl iodide, 
moles/liter 


ak 
1-mole™—hr7! 





1Q2k 
1-mole~*-hr7? 























0 0.010 0.052 0.67 
14.2 0.010 0.051 o.d 
29.2 0.010 0.050 17.4 
0.025 0.025 15.7 
47.5 0.010 0.024 108 
Sodium iodide 
0 0.010 0.260 0.68 
0.010 0.025 0.62 
14.2 0.010 0.051 3.93 
29.2 0.010 0.248 15.6 
0.050 0.025 14.8 
47.5 0.010 0.012 95.5 
Caesium iodide 
0 0.0076 0.052 0.75 
12.2 0.0095 0.051 2.98 
29.2 0.0075 0.050 18.8 
0.0050 0.050 21.0 
39.9 | 0.00454 0.005 a1.2 
——EE | — —_— —___—__— $$$ $$ _$__ ——— _ ee — —_ ———— 
Zinc iodide 
47.5 0.048 0.483 6.0 x 1073 
60.0 0.047 0.474 2.2 x 107 
81.0 0.046 0.458 0.141 
100.0 | 0.0089 0.224 1.08 
0.0089 0.446 1.06 
| 0.022 0.224 1.07 
122.0 | 0.043 0.043 4.49 
Cadmium iodide 
30.0 0.050 0.496 3.85 <X 1073 7.76 X 107 
48.0 0.049 0.491 | 2.85 X 107 | 0.58 
60.0 0.047 0.238 8.93 X 107? 1.88 
82.0 0.046 0.230 | 0.598 13.0 
0.023 0.230 0.333 14.5 
0.023 0.115 0.328 14.2 
Iodine 
69.7 | 0.023 0.093 0.205 
81.0 | 0.023 0.092 0.449 
100.0 | 0.022 0.089 1.85 
122.0 | 0.022 0.087 6.99 
| 0.035 0.035 6.99 
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TABLE II 


ARRHENIUS PARAMETERS FOR THE EXCHANGE REACTIONS 








ak 
calculated at 25°C. | E, kcal./mole 
1-mole™!—hr.*! 
Lithium iodide 11.4 | 18.2 
Sodium iodide 10.2 18.0 
Caesium iodide a 18.2 
Zinc iodide 4x 21.9 
Cadmium iodide (4 & 107? 1-mole*- 20.6 
he 3)" 
Iodine 4x 107-3 17.5 


* Since the exchange of cadmium iodide is considered to be a third order reaction, the value 
(a,;a2k) calculated for it is not directly comparable with the other values. 








Discussion 


Since lithium, sodium, and caesium iodides are highly ionized in acetonitrile 
solution, and have virtually identical rates and activation energies for their 
exchange reactions with n-butyl iodide in this solvent, it seems reasonable to 
conclude that these exchange reactions occur between the organic iodide and 
iodide ion. Values of ak at one temperature decrease slightly with increase of 
inorganic iodide concentration, which may be attributed to a decrease in a 
corresponding to ion association. An average of the values in Table II gives 
the second order rate constant (a = 1) at 25°C. for the reaction between iodide 
ion and n-butyl iodide in acetonitrile solution, as 10.8 1—mole~'-hr.. 


It should be noted that if a, the degree of dissociation, varies with the 
temperature exponentially, the calculated activation energies will include a 
corresponding factor. The close agreement between the values for the alkali 
metal iodides indicates, as might be expected, that this factor is relatively 
small. 


The values of ak are much less for cadmium and zinc iodides, and iodine, 
than for the alkali iodides. The conductivity curves for cadmium and zinc 
iodides, characterized by a rapid decrease in molar conductance with concen- 
tration at very low concentrations, followed by a plateau at about 25 ohm™! 
and 18 ohm”! respectively, indicate that simple ions are present at very low 
concentrations but that complex formation predominates at higher concen- 
trations. The linear plots of apparent molecular weight against concentration 
(Fig. 2), which extrapolate to the true molecular weight at zero concentration, 
further indicate that, over the range of concentrations in which the measure- 
ments were made, the concentration of simple ions was negligible. 


Comparison of the observed ak values for different inorganic iodide concen- 
trations at the same temperature shows that a is approximately constant for 
zinc iodide and iodine. If-the reacting species were iodide ion formed by dis- 
sociation of molecules or complex ions, increasing the concentration should lead 
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to a decrease in a. Again it would seem that the simple iodide ion is not the main 
reacting species in these two reactions. This conclusion assumes that some step 
in the attainment of inorganic equilibrium is not rate controlling, but it seems 
reasonable that such a step could not have an activation energy of the order 
of 20 kcal. 


There remains to consider the possibilities that the exchange reactions with 
zinc iodide and iodine involve either complex ions or undissociated molecules 
(ion pairs). With zinc iodide, which shows no association (Fig. 1) and no third 
order behavior, the reacting species might well be undissociated iodide or a 
complex anion (e.g., ZnI;~) formed bimolecularly from zinc iodide, e.g., 

2 ZnIlz, = ZnI*t + ZnlI;-. 
In either case, a would be nearly constant with change in concentration. Sim- 
ilarly, with iodine the reacting species might be I, or I;~. If two reacting species 
are simultaneously involved in exchange, the form of the rate equation is 
altered only to the extent that ak is replaced by the sum of two such terms. 


With cadmium iodide, the exchange reaction appears to be third order. This 
could be explained by assuming exchange with undissociated Cdl, molecules, 
or with a complex anion such as CdI,, in which exchange is made possible by 
polarization of covalent bonds by Cd** ions. As the ionic species are formed 
bimolecularly from CdI., values of a; and a2 in the third order expression 
a,a2k should be nearly independent of concentration. 


Indistinguishable kinetically, however, would be a second order exchange 
that occurred through an associated complex formed, for example, by 


2 Cals — Cad? + Cdl =} CdCdl, 


leading to an increase of a, and hence ak, with increased concentration. The 
boiling point results show that association does occur in solutions of cadmium 
iodide, and this might well be due to formation of complex ion pairs such as 
CdCdI,. In such a complex, the associated Cd** ion may be regarded as pro- 
moting exchange by polarization of the covalent bonds in the Cdl,4> anion. 
If the sphere of influence within which the Cd** ion may polarize CdI,> ions 
is the same as that within which Cd*t* and CdI,~ ions may be regarded as 
associated to form CdCdI4, as reflected by the colligative properties of the 
solution, then it is probably justified to consider the associated complex as the 
main reacting species. It seems difficult to offer any explanation of the apparent 
third order behavior in the cadmium iodide exchange without involving polar- 
ization in some way. 


Uncertainty about the nature of the reacting species in the exchange re- 
actions with zinc and cadmium iodides, and iodine, makes it impossible to 
obtain true activation energies for these reactions, since any exponential tem- 
perature dependence of a is included in the calculated activation energies. 
However, the differences in the values recorded (Table II) are of the order of 
magnitude to be expected for variation of a with temperature, from which it 
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seems reasonable to infer that the activation energy for exchange with undis- 
sociated molecules or complexes (iodide ion carriers) is essentially the same as 
for simple iodide ion exchange. If this is true, an activation energy of about 
18 kcal. is to be associated with activation of the organic iodide. 
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SYNTHESIS OF AMINO ACIDS FROM SUBSTITUTED 
CYANOACETIC ESTERS! 


By Pau E. GaGnon, PAu. A. Borvin?, AND HuGH M. Craic? 


Abstract 


The Darapsky degradation, by which a carbethoxy group is replaced by an 
amino group, has been applied successfully to substituted cyanoacetic esters for 
the preparation of 10 amino acids. The esters were formed by condensation of 
ethyl cyanoacetate with alkyl or arylalkyl halides. The hydrazides were ob- 
tained by treatment of the esters with hydrazine hydrate and identified by their 
anisal derivatives. Diazotization of the hydrazides gave rise to azides. These 
were transformed into carbethoxyaminonitriles by refluxing with absolute 
ethanol. The urethanes, on acid hydrolysis, yielded the amino acids. The fol- 
lowing amino acids were synthesized: DL-8-methylleucine, DL-a-amino-f- 
methylisoheptanoic acid, DL-a-amino-8-cyclohexylpropionic acid, DL-C-o- 
methyleyclohexylglycine, DL-C-m-methylcyclohexylglycine, DL-C-p-methyl- 
cyclohexylglycine, DL-C-o-xylylglycine, DL-C-m-xylylglycine, DL-C-p-xylyl- 
glycine, DL-p-ethylalanine. 


Introduction 

The Curtius reaction, whereby acid azides break down on heating into 
isocyanates and nitrogen, was applied in 1915 to the preparation of an amino 
acid from cyanoacetic ester by Darapsky and Hillers (4), who obtained glycine. 
Since that time a considerable number of amino acids (3, 6, 7, 8, 9, 10, 11) 
have been synthesized from substituted cyanoacetic esters by application of 
the Darapsky degradation. The aim of the present work was to extend the 
limits of this synthesis to 10 other amino acids and to observe the effect of the 
various substituents on the properties of the new compounds. 


The starting materials, the alkyl or arylalkyl halides, were prepared in three 
different ways. By chloromethylation (2) of toluene and ethylbenzene, p-xvlyl 
chloride and ethylbenzyl chloride respectively were obtained. The bromides 
were prepared by the action of phosphorus tribromide on the carbinols (17). 
The iodide was obtained by the reaction of iodine on a mixture of cyclohexyl- 
carbinol and red phosphorus (5). The yields varied from 26 to 90%. 


By refluxing the halides with ethyl cyanoacetate in sodium ethylate solution, 
the esters (1) were obtained in yields varying from 18 to 60%. 


CN CN CN CN COOH 
| 
R-CH R-CH R-CH R-CH R-CH 
CO.C2Hs5 CONHNH, CON; NHCO.C32H; NH 
| II Ill IV V 


1 Manuscript received September 29, 1950. 
Contribution from the Department of Chemistry, Laval University, Quebec, Que. 
2 Address: University of Ottawa, Ottawa, Ont. 
3 Holder of a Summer Scholarship under the National Research Council of Canada in 1950. 
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R = 2-methyl-3-butyl, CsHi:-; 2-methyl-4-pentyl, CgHi3-; cyclohexylmethyl, 
CeéHi1-CH2-; o-methylcyclohexyl, CH3-CegHio-; m-methylcyclohexy!, CH3-Cg 
Hyo-; p-methylcyclohexyl, CH 3-CsHi0-; o-xylyl, CH3-CsH«-CH:2-; m-xylyl, CH3- 
C,.H.-CH:- ;p-xylyl, CH 3-CeH a-CH--; p-ethylbenzyl, C.H;-CsH4-CH 2-. 


Hydrazine hydrate mixed with the esters (I) at room temperature gave rise 
to the hydrazides (i!‘ These were identified by their condensation products 
with anisaldehyde. 


The conversion of the hydrazides into the corresponding azides (III) took 
place by treatment with nitrous acid, the azides being extracted with ether. 
On boiling the alcoholic solutions of the azides under reflux, the ethyl urethanes 
(IV) were formed. 


The hydrolysis of the urethanes to amino acids (V) was effected by refluxing 
in hydrochloric acid (20%). A mixture of equal volumes of conceatrated 
hydrochloric acid, formic acid (85%), and water did not increase the yield 
whenever it was used. 


The following a-amino acids were synthesized: DL-8-methylleucine, DL-a- 
‘amino-$-methylisoheptanoic acid, DL-a-amino-8-cyclohexylpropionic acid, 
DL-C-o-methylcyclohexylglycine, DL-C-m-methylcyclohexylglycine, DL-C-p- 
methylcyclohexylglycine, DL-C-o-xylylglycine, DL-C-m-xylylglycine, DL-C- 
p-xylylglycine, and DL-p-ethylalanine. 


Experimental* 


Starting Materials 
The halides, R-X, were prepared by three different methods. 


(a) Chloromethylation of Aromatic Hydrocarbons 

A mixture of aromatic hydrocarbon (2.5 moles), trioxymethylene (1.0 mole), 
and pulverized zinc chloride (20 gm.) was treated with a rapid current of moist 
hydrochloric acid while stirring. The reaction was exothermic. The mixture 
was cooled to 60°C. and maintained at this temperature until the reaction was 
complete. The mixture was placed in a separatory funnel, the aqueous portion 
discarded, and the upper layer washed repeatedly with water and dilute sodium 
carbonate, dried over anhydrous sodium sulphate, and filtered. By fractional 
. distillation of the filtrate at reduced pressure the aromatic chloride was 
obtained. 


(b) Alkyl Bromides 

Phosphorus tribromide (1.0 mole) was placed in a round bottomed flask with 
a condenser attached, and the alcohol (1.0 mole) was slowly added. The re- 
action proceeded with evolution of heat. The reaction mixture was allowed to 
stand overnight at room temperature, after which it was refluxed gently for 
two hours, cooled, and ‘poured into cold water (500 ml.), and placed in a 


*All melting points are uncorrected. 
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separatory funnel. The aqueous layer was discarded. The upper layer was 
dried over anhydrous sodium sulphate and, by fractional distillation at reduced 
pressures, the bromide obtained 


(c) Cyclohexylmethyl Iodide 

Iodine (20 gm.) was added to a mixture of cyclohexylcarbinol (161 gm., 1.5 
moles) and dry red phosphorus (20 gm.). The mixture was heated on a water 
bath until the iodine had dissolved. After cooling, another portion of iodine 
(20 gm.) was added. The same procedure was repeated until sufficient iodine 
(170 gm.) had been added. The reaction mixture was heated for five minutes 
at 120°C., cooled, poured into ice-water and diluted sodium hydroxide, and 
extracted with ether. The ether was evaporated and the iodide obtained by 
fractional distillation at reduced pressure. 


The properties and yields of the organic halides are given in Table I. 


TABLE I 
SUBSTITUTED HALIDES, R-X 





Yield, | Halogen, % 
Compound Bep:, °C. / Formula 





Cale. | Found 





2-Methyl-3-butyl bromide* 60 (25 mm.) | 80 C;sHuBr | 53. 








0 52.5 
2-Methyl-4-pentyl bromide** 68 (25 mm.) 60 CsHisBr | (48.5 48.0 
Cyclohexylmethyl1 iodidet 99 (17 mm.) 55 | CeHuCHel | 56.7 56.4 
o-Methylcyclohexy! bromidett 86 (30 mm.) 75 | C;HisBr 45.2 45.0 
m-Methylcyclohexyl bromidettt 78 (20 mm.) | = 80 C7HisBr | 45.2 44.7 
p-Methylcyclohexyl bromidet 92 (30 mm.) 90 (8C;HisBr 45.2 44.6 
p-Xylyl chloridett 96-97 (25 mm.) 75 CsH,>Cl 25.3 24.8 
p-Ethylbenzy1 chkorideftt 92 (12 mm.) 26 CoHnCl , 23.0 22.6 
*Ref. (19) ** Ref. (18) tRef. (13) ttRef. (15) TttRef. (14) 
tRef. (12) ttRef. (16) titRef. (2) 


Substituted Cyanoacetic Esters (1) 

Ethyl cyanoacetate (113 gm., 1.0 mole) was added to a clear solution of 
sodium ethoxide (11.5 gm., 0.5 mole; 250 ml. of absolute ethanol) and the 
suspension heated to the boiling point. After cooling, the substituted halides 
(0.5 mole) were slowly added, and the reaction mixture refluxed until neutral 
to wet litmus paper. The alcohol was distilled off under reduced pressure and 
the remainder poured into cold water (500 ml.) and acidified with hydrochloric 
acid. The aqueous solutions were extracted three times with ether and the 
combined extracts dried over anhydrous sodium sulphate. The ether was 
evaporated and the esters obtained by fractional distillation under reduced 
pressure. 


The properties and yields are summarized in Table II. 


Substituted Cyanoacethydrazides (11) 

The monosubstituted cyanoacetic esters (0.05 mole) were vigorously stirred 
with 100% hydrazine hydrate (2.5 gm., 0.05 mole). There was evolution of heat 
and the two layers passed into solution from which the white hydrazide pre- 
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TABLE II 
ETHYL @-SUBSTITUTED CYANOACETATES, RCH(CN)COOC2H; 

















Starting Yield, | Nitrogen, % pa 
R material % | B.p., °C. | Formula wen ee ny 
| | Calc. | Found 
2-Methyl-3-butyl |C;sHuBr 45 (123 (17 mm.)/CioHi70.N | 7.65 | 7.52 {1.4280 
2-Methyl-4-pentyl |CsHuBr 60 (181 (9 mm.)/CnHisO2N | 7.11 | 7.34 |1.4303 
Cyclohexylmethy1 CsHi.CHal 51 166 (19 mm.) |}Ci2H;902N | 6. 69 6.32 1. 4570 
— \CHsCsHioBr 18 |149 (15 mm.)|CisHisO.N | 6.69 | 6.44 |1. 4488 
clohexyl 
Ss CH;C.HioBr 32 |180 (20 mm.)'|CiHisO.N | 6.69 | 6.47 |1. 4501 
clohexyl | } 
p-Methyley- |CH;CsHioBr 32 154 ( 2 mm.) Ci2H1902N 6. 69 6.63 1. 4485 
clohexyl | | 
o-Xylyl CH;C.sH4CH2Br 55 = |175 (19 mm.)|CisH102.N | 6.45 | 6.38 |1.5052 
m-Xylyl |\CH;C,;H4,CH2Br 55 180 (19 mm.) CisHi3;02N | 6.45 | 6.38 |1.5101 
p-Xylyl CH;C;,H,CH:Cl 48 178 (19 mm.) Ci3H;;02N | 6.45 | 6.32 |1.5023 
p-Ethylbenzyl \CoHsCsHsCH2Cl | 50 (116 (17 mm.)|Ci4uHi7O.N | 6.06 | 6.03 (1.5001 





cipitate appeared after a few minutes. The products were recrystallized from 
ethanol. On occasion it was found necessary to place the solution in a desic- 
cator, where on standing the precipitate formed. 


The properties are listed in Table III. 


TABLE III 
Q-SUBSTITUTED CYANOACETHYDRAZIDES, RCH(CN)CONHNH2 


Nitrogen, % 











R Ma». “C. Formula — 

Calc. Found 
2-Methyl-3-butyl 101 CsH,;ON3 24.9 24.8 
2-Methyl-4-penty1 144 CoHi;ON3; | 23.0 23.2 
Cyclohexylmethy] 246 CioH1;0N3 | 2h 21.5 
o- Methylcyclohexyl 174 CioHi170N3 | 21.5 21.5 
m-Methylcyclohexyl 207 CioHi170N3 | 21.5 21.8 
p-Methylcyclohexyl 148 CioHi ON; 21.5 21.4 
o-Xylvl 116 C1,Hi;0N3 | 20. 7 20. o 
m-Xylyl 107 CyuHy,ONs | 20.7 20.6 
p-Ethylbenzyl 88 Ci2Hi:0ON; |} 19.4 19.5 





Anisal Derivatives of Substituted Cyanoacethydrazides 

The hydrazides were dissolved in ethanol and anisaldehyde added to the hot 
solutions. If precipitation did not take place immediately, one drop of concen- 
trated hydrochloric acid was added and the solutions let stand until precipi- 
tation occurred. The products were purified by recrystallization from ethanol. 


The properties are listed in Table IV. 


Amino Acids (V) 

The hydrazides (0.05 mole) were dissolved in aqueous hydrochloric acid 
(15%, 100 ml.), cooled to 0°C., and covered with a layer of ether (75 ml.). 
Sodium nitrite (10 gm.) dissolved in water (30 ml.) was added dropwise to the 
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TABLE IV 
ANISAL DERIVATIVES 











Nitrogen, °% 











Compound M.p:, °C. Formula 
| | Calc. Found 
—<—— $$ —________ | — } j 

2-Methyl-3-butyl 219 | CisH2O02N3 | 14.6 14.7 
2-Methyl-4-penty] 196 Ci7H2;02N3 14.0 13.9 
Cyclohexylmethy1 109 CisHe 302 Ns 13.4 13.3 
o-Methylcyclohexy1 213 CisH2;02.N3 13.4 13.3 
m-Methylcyclohexyl | 183 | CisH2302N3 13.4 13.6 
p-Methylcyclohexyl 139 CisHo02N3 | 13.4 13.4 
o-Xylyl 147 | C19Hi1902N3 13. 1 13. 4 
m-Xylyl | 172 | CisHisO2N; 13.1 12.7 
p-Xylyl | 162 | CisHisO:N, | 18.1 | 12.8 
p- Ethy Ibenzyl | 152 | CooH202N3 | 12.5 | 12.7 





mechanically stirred mixtures. The azides, on formation, passed into the ether 
layer. On completion of the reaction, the ether was decanted and the aqueous 
lavers rapidly extracted with two fresh portions of ether. The extracts were 
combined, dried over anhydrous sodium sulphate, and filtered into absolute 
ethanol (75 ml.). The ether was evaporated and the azides (III) refluxed on a 
water bath for one hour to complete the transformation to the urethanes (IV). 
The alcohol was removed by distillation at reduced pressure. The urethanes 
were hydrolyzed to the amino acids by refluxing in aqueous hydrochloric acid 
(20%, 200 ml.) for 48 hr. at 140°C. The mixtures were evaporated to dryness, 
dissolved in water, boiled with charcoal, and filtered several times. The filtrates 
were neutralized, concentrated to a small volume, and cooled. On the addition 
of acetone (2.5 liters) the amino acids precipitated. These were purified by 
reprecipitation in the same manner and dried in the oven at 100°C. 


Table V summarized the physical constants as well as the derivatives formed. 


TABLE V 
AMINO ACIDS AND DERIVATIVES 








| Yield,| Nitrogen, % 
Compound q | Derivative |M.p., °C. Formula — 
Calc. Found 








DL-6-Methylleucine | 50 | Ureido | 168 CisH2903N2 | 10.6 10.3 
DL-a-Amino-8-methyliso- | 58 | Hydantoin 145 CoHg02N2 | 15.2} 14.8 
heptanoic acid 








DL-a-Amino-§-cyclohexyl- | 39 | Copper salt —— | (CsHO.N)2Cu | 6.94, 6.68 
propionic acid* 

DL-C-o- Mcthtieyclohexyt | 39 | Copper salt -— (CgHieO2N )2Cu 6.94 6.84 
glycine 

DL-C-m-Methylcyclo- | 35 | Hydantoin 180 CioHigO2Ne2 14.2 | 14.2 
hexvlglycine | 

DL-C-p-Methylcyclo- | 78 | Hydantoin 210 CioHigO2Ne2 14.2 | 14.7 
hexyglycine | 

DL-C-o-Xylylglycine | 54 | Hydantoin {| 215 CiHw,O2Ne | 13.7 | 14.0 

DL-C-m-Xylylglycine 80 | Ureido 172 Ci;HisO3Ne |} 9.40) 9.71 

DL-C-p-Xylylglycine | 75 | Hydantoin | -190 Ci H»,OwWNe 13.7 | 13.9 

DL-p-Ethylalanine | 17 | Hydantoin 182 CrHyONe 12.8 | 13.0 





~ *Ref. (1). 
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SUR LA FLAMME FROIDE DE L’ETHER! 
LuDOVIC OUELLET? ET CyRIAS OUELLET 


Résumé 


Un appareil permettant de mesurer la lumiére émise par une flamme froide est 
décrit. L’influence de la concentration des réactifs, du diamétre de la chambre 
a réaction et de la température est étudiée. L’émission intégrale croit avec la 
concentration de chacun des réactifs (éther ou oxygéne). La durée de la flamme 
froide croit avec le diamétre des récipients et la pression totale des réactifs. Une 
élévation de température influence surtout la forme des courbes représentant 
l’intensité lumineuse en fonction du temps. 


Introduction 


Quelques propriétés des flammes froides, observées par une méthode photo- 
électrique, ont été décrites réecemment (4). Des enregistrements oscillographi- 
ques ont permis de suivre les pulsations de l’intensité lumineuse et ont révélé 
qu’elles coincident avec celles de la pression. Les lueurs obtenues avec des 
mélanges d’éther éthylique et d’oxygéne en systéme statique ont des intensités 
et des émissions intégrales sensiblement indépendantes de la température entre 
200° et 250°C., mais croissant avec la pression. L’émission intégrale passe par 
un maximum trés net a la composition de 50% d’éther en volume. Ce fait 
suggeére l’intervention d’un intermédiaire, probablement un peroxyde, dans la 
constitution duquel l’éther et l’oxygéne entrent en proportion équimoléculaire. 

Comme |'exploration de ce phénoméne exige un examen détaillé des effets 
de plusieurs variables, les résultats précédents sont complétés et précisés dans 
le présent travail par des données supplémentaires, portant surtout sur I’in- 
fluence des concentrations et celle du diamétre du récipient, ainsi que sur la 
question de la limite inférieure. Les effets de l’addition de gaz étrangers et 
l'interprétation des pulsations seront l’objet de publications subséquentes. 


Méthode expérimentale 


La description du mode de production et d’enregistrement oscillographique 
de lueurs uniformes en systéme statique a déja été esquissée (4). L’appareil 
complet est représenté sur la Fig. 1. L’un des petits ballons A et E contenait 
A l’abri de I’air l’éther débarrassé des peroxydes (7) par distillation en présence 
de permanganate de potassium en solution acide et séché par contact avec du 
sodium métallique. L’autre ballon renfermait, le cas échéant, une autre sub- 
stance que l’on désirait incorporer au mélange combustible. On transférait par 
évaporation une certaine quantité d’éther dans un ballon B de deux litres, 
préalablement évacué, et on introduisait par la voie 7 la quantité voulue 
d’oxygéne. Avant chaque expérience, on introduisait dans un ballon auxiliaire 
C de 1000 cc. la quantité de mélange apte a produire une pression déterminée 

1 Manuscrit original regu le 7 juin 1950, corrigé, le 2 octobre 1950. 


Contribution du Département de Chimie, Université Laval, Québec. 
2 Etudiant gradué, boursier du Conseil National des Recherches. 
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Fic. 1. Appareil avec la cellule photomultiplicatrice F et la chambre a réaction D. 


dans la chambre a réaction D, ot on faisait ensuite pénétrer les gaz en ouvrant 
aussi brusquement que possible le robinet creux d dont l’ouverture latérale 
avait été agrandie a dessein. On évacuait le systéme au moyen soit d’une pompe 
a diffusion VMF 5 par ia voie a, soit d’une pompe Hyvac par la voie c mn H. 
Le piége H permettait de recueillir les produits de la réaction condensables a 
la température de la glace séche ou a celle de I’air liquide. On laissait de robinet 
b fermé durant une expérience et on ne mesurait que la pression finale en 
ouvrant ce robinet immédiatement aprés l’extinction de la flamme froide. La 
chambre a réaction D était, pour la plupart de nos expériences, un tube de 
Pyrex de 46°X 130 mm., placé dans un four électrique a l’intérieur duquel la 
température était constante et uniforme 4 + 1°C. prés. 


La lumiére émise en D tombait en F sur une cellule photomultiplicatrice de 
type IP28, enfermée dans un manchon en laiton percé d’une fenétre et refroidi 
par une circulation d’eau. Pour amplifier et enregistrer les courants photo- 
électriques sur un oscillographe 4 rayons cathodiques 4 balayage lent, on se 
servait d'un montage dont les particularités ont été décrites dans la publi- 
cation précédente (4). 


Les raisons de croire que les lueurs observées par cette méthode étaient 
statiques et homogénes ont été exposées au méme endroit. Dans certains cas, 
la lueur principale éiait suivie, 4 une ou deux secondes d’intervalle, d’un dard 
lumineux qui sortait du tube d’entrée des gaz et traversait une partie du 
cylindre D. Ce phénoméne se produisait généralement trop tard pour appa- 
raitre sur l’oscillogramme et était précédé d’une période d’obscurité compléte, 
de sorte qu’on ne pouvait le confondre avec l'une des crétes de |’oscillogramme 
principal. Nous nous contentons de signaler l’existence occasionnelle de cette 
seconde flamme que nous n’avons pas étudiée en détail. 


Résultats 
Description des oscillogrammes 
Les oscillogrammes de la Fig. 2 montrent l’allure générale de la variation de 
l’émission lumineuse en fonction du temps. Ils indiquent en méme temps le 
degré moyen de reproductibilité du phénoméne. Bien que ces exemples de 
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Fic. 2. Couples d’oscillogrammes enregistrés dans des conditions identiques, illustrant le degré 
de reproductibilité du phénomeéne (voir Tableau I.). 


concordance n’aient pas été choisis parmi les meilleurs, il a fallu décaler verti- 
calement les courbes de chaque paire afin d’éviter une superposition partielle 
qui rendrait le graphique illisible. 


Tous les oscillogrammes présentés dans ce travail portent une échelle de 
temps et une échelle d’intensité lumineuse arbitraire mais uniforme, exprimée 
en millimétres de déplacement sur l’écran de l’oscillographe. Pour décrire ces 
oscillogrammes, il a fallu choisir un ensemble de paramétres commodes sans 
trop présumer de Jeur signification éventuelle. A quelques détails prés, la plu- 
part des oscillogrammes présentent deux crétes principales, la premiére géné- 
ralement aigué, la seconde plus arrondie. Autant que possible, les oscillogrammes 
seront caractérisés par les hauteurs /, et h2 de la premiére et de la seconde 
créte, la position f, sur l’axe des temps de la seconde créte et la durée 
totale ¢ de la lueur dans les cas ot cette grandeur peut étre appréciée avec 
une précision suffisante. On désignera par A, exprimée en millimétres carrés, 
l’aire comprise sous la courbe; cette aire représente |’émission intégrale. Cette 
division arbitraire du phénoméne en deux étapes principales ne s’applique pas 
aux cas ot l’on observe plus de deux crétes et ne tient pas compte des crénelures 
de faible amplitude. 


Malgré les observations visuelles et autres précautions qui ont été prises (4), 
il reste possible, bien que peu probable a notre avis, que la créte initiale, géné- 
ralement aigué, soit attribuable a un éclair prématuré et fugitif, localisé a l’orée 
du tube d’entrée des gaz, tel que celui qui a été signalé récemment par Chamber- 
lain et Walsh (1). Cependant, la comparaison des photogrammes et des mano- 
grammes a montré que le début simultané de |’émission lumineuse et de 1'élé- 
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vation de pression est postérieur a |’établissement de |l’équilibre thermique, 
du moins aux températures inférieures 4 230°C. Le décalage des limites pu- 
bliées par Chamberlain et Walsh augmente brusquement au-dessus de 230°C. ; 
ceci pourrait étre la raison des aberrations qui nous ont empéchés de vérifier dans 
cette région les régularités constatées aux températures moins élevées. Certains 
oscillogrammes indiquent un éclair initial trés bref et trés brillant que notre 
dispositif actuel est incapable d’enregistrer convenablement et que nous repré- 
sentons en pointillé sur les graphiques. Ce phénoméne semble se produire sur- 
tout lorsque la pression d’oxygéne est grande ou la température élevée. 
TABLEAU I 


CONDITIONS DANS LESQUELLES ONT ETE OBTENUS 
OSCILLOGRAMMES DES FIGS. 2 ET 3 








| | 
| | 








Exp. | Température, | Pression, | Composition, Diamétre, 
No. | <<. | mm. Hg Ether, % mm. 
687 | 215 | 66 | 50 46 
1092 | 215 | 66 | 50 46 
1091 | 215 = a 50 46 
1044 | 215 58 | 50 46 
1263 215 | 57 50 | 34 
699 | 215 57 50 34 
1312 | 215 nm 65 46 
1164 215 | a 7 50 46 
1241 | 215 | 3 | 33 46 
1213 | 215 } 2 | 20 46 
277 | 215 | 97 | 80 46 
1139 215 53 | 65 46 
1167 215 36 50 | 46 


1243 | 215 rs | 33 46 





Infiuence des concentrations 


Certains aspects de l’influence des concentrations des réactifs ont déja été 
exposés (4). Comme complément a la famille d’oscillogrammes montrant |’in- 
fluence de la pression partielle de l’oxygéne, nous présentons la famille de la 
Fig. 3, qui illustre l’influence de la pression d’éther 4 pression d’oxygéne con- 
stante. 





50 


1312 1164 1241 1213 
0 Phsc v= 
eter 39 1167 1243 
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Fic. 3. Oscillogrammes montrant l'influence de la pression d’éther a pression d’oxygéene con- 
stante, a 215°C. : 
lére rangée: Po,= 24 mm. Hg. 
2iéme rangée: Po,= 18 mm. Hg. 
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Comme nous l’avons déja mentionné, l’ensemble des émissions intégrales 
mesurées 4 215°C. peut étre représenté approximativement par la relation 


empirique 
ee Se 
A = me ( 2) aa 
a 





ou P est la pression totale, Pz, et Po, celles de l’éther et de l’oxygéne, tandis 
que P,, est la pression partielle de celui des deux constituants qui entre pour 
moins de 50% dans la composition du mélange. La Fig. 4 illustre cette relation. 
Les écarts constatés ne semblent pas étre entiérement statistiques; aux pres- 
sions supérieures 4 100 mm., le maximum de la cloche de la Fig. 5 se déplace 
vers les compositions inférieures 4 50% d’éther. Nos données actuelles ne sont 
pas suffsamment abondantes pour permettre une étude détaillée de cette 
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Fic. 4. Emission intégrale (A) d'une flamme froide en fonction des pressions partielles des 
réactifs. 
Pm = pression partielle de la substance minoritaire. 


Contrairement a l’observation visuelle, qui ne donne qu’une perception 
globale du phénoméne, |’examen des oscillogrammes permet d’étudier séparé- 
ment les variations de plusieurs grandeurs et d’obtenir une représentation 
analytique de ce qu’on appelle communément la limite inférieure. On a déja 
vu (4) que l’émission intégrale ne présente pas de discontinuité quand on 
abaisse la pression. Les variations des hauteurs des crétes sont représentées sur 
les Figs. 6, 7 et 8. Celle de la premiére créte ne présente aucune discontinuité ; 
celle de la seconde devient nulle en-dessous d’un seuil de pression comprise 














OUELLET ET OUELLET: SUR LA FLAMME FROIDE DE L’ETHER 81 





A 100 mm. 


T 


1200 


800+ 
60 mm. 
400r 40mm. 














% ETHER 


Fic. 5. Emission intégrale (A) d'une flamme froide en fonction de la composition du mélange 
a des pressions totales de 40, 60 et 100 mm. T = 215°C. 
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Fic. 6. Hauteur de la premiére créte hi, en fonction de la pression des réactifs a différentes 
compositions. 


entre 20 et 45 millimétres, suivant la composition du mélange, mais ne mani- 
feste généralement pas un effondrement assez rapide pour donner I’illusion 
d’une limite nette. Si l’on porte en graphique (Fig. 9) les valeurs de ce seuil de 
pression en fonction de Ja composition du mélange, on trouve qu’il passe par 
un minimum pour une composition voisine de 50% d’éther, que nos résultats 
ne permettent cependant pas de définir avec exactitude. 


En fonction de la composition du mélange, la hauteur de la seconde créte 
varie suivant les cloches arrondies et sensiblement symétriques de la Fig. 10, 
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Fic. 7. Aux faibles pressions, la hauteur de la premiére créte h,, tend asymptotiquement vers 
zéro lorsque la pression s’abaisse. 
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Fic. 8. Hauteur de la seconde créte hz, en fonction de la pression @ 215°C. @ diverses com- 
positions exprimées en pourcentage d’éther. 
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Fic. 9. Pression limite pour l’existence d'une seconde créte a 215°C. en fonction du pour- 
centage d’éther. 
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Fic. 10. Variation de la hauteur de la seconde créte hz en fonction de la composition @ pression 
constante, montrant le maximum a 50%. 
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Fic. 11. Hauteur de la seconde créte hz en fonction du produit PE. Po, a pression totale con- 
stante (100 mm. Hg). 


qui passent par un maximum lorsque les concentrations des deux constituants 
sont égales. En supposant que l’intensité 2 est proportionnelle a la vitesse 
maximum d’un processus bi-moléculaire, on doit s’attendre 4 des courbes de 
cette allure. La Fig. 11 et le Tableau II montrent que 1!’on obtient, du moins 
avec les résultats 4 100 mm. approximativement, une relation de la forme 


hy = k (Px Po, — @), 
ou k est une constante et a une valeur limite du produit Pz,Po,, pour laquelle 
on a hs= 0 et qui représente le seuil décrit plus haut (Figs. 8 et 9). 
TABLEAU II 


VALEURS DE hz EN FONCTION DU PRODUIT PE. Po, 








%déther | 10 |. 20 | 33 


| } 
| 50 65 80 | 90 
Pr. Po, | 900 | 1600 2200 2500 2200 1600 | 900 
he | 6 22 28 a oe oe oe 











84 CANADIAN JOURNAL OF CHEMISTRY. VOL. 29. 


Influence du diamétre du récipient 


On a utilisé quatre récipients en Pyrex: une sphére de 70 mm. de diamétre 
et trois cylindres de 130 mm. de longueur et de 46, 34, et 21 mm. de diamétre. 
Seuls des mélanges contenant 50% d’éther en volume ont été étudiés jusqu’ici. 
A cause des modifications de la géométrie de l’appareil, les intensités enregis- 
trées ne sont pas comparables; seules les variations dans la durée et dans le 
rapport des hauteurs sont significatifs. La Fig. 12 contient des exemples d’os- 
cillogrammes obtenus a 201, 215, et 236°C. en employant ces divers récipients. 
On trouvera dans le Tableau III les données essentielles concernant ces expéri- 
ences et quelques autres. 





Diam. 70 mm. 46 mm. 34mm. 21mm. 
50 434 706 810 
236°C. 
) 
Zio’ G. 
755 1164 674 a 
202°C. 
743 729 798 
| SEGONDE we ie 











Fic. 12. Oscillogrammes montrant l’influence du diameétre du récipient a pression constante: 
SO mm. a@ 236°C., 49 mm. ad 215°C. et 50 mm. & 201°C. Voir Tableau III. 


La durée totale de la lueur et l’importance relative de la seconde créte crois- 
sent avec le diamétre du récipient. Les courbes de la Fig. 13 montrent que, 
lorsque le diamétre décroit, les durées a différentes pressions totales semblent 
converger de plus en plus rapidement vers une valeur nulle qu’elles attein- 
draient pour un diamétre voisin de 10-15 mm. I] semble donc y avoir un 
diamétre inférieur en-dessous duquel la réaction n’aurait pas lieu. Prettre (5) 
a trouvé que la vitesse d’oxydation du pentane 4 270°C. décroit elle aussi 
rapidement iorsque le diamétre du récipient s’approche de 10 mm. En fonction 
de la pression, les durées varient comme |’indique la Fig. 14. L’effondrement 
de la courbe 4 vers 40 mm. est attribuable a la disparition de la seconde créte 
et correspond aux brusques changements d’allure, aux basses pressions, des 
courbes de la Fig. 13. 
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TABLEAU III 
INFLUENCE DU DIAMETRE DU RECIPIENT SUR LA FLAMME FROIDE 


D’'UN MELANGE EQUIMOLECULAIRE D’ETHER ET D’OXYGENE 














Exp. {| Diam., |Température,| Pression, | t, he 
No | mm. p 2a mm. Hg sec. |; mm. 
432 46 236 | 124 1. 26 11 
434 | 46 236 79 1.05 7 
437 46 236 57 0.73 4 
706 | 34 236 83 0.75 21 
713 34 | 236 58 0. 66 11 
719 | 34 236 40 0.70 2 
808 | 21 236 87 0.35 20 
810 | 21 236 | 81 0.35 23 
818 | 21 236 | 57 0.30 - 
750 70 215 95 1.22 ) 
755 70 215 48 0. 87 11 

1164 46 215 48 0.71 | 13 
670 34 215 91 0.89 23 
674 34 215 49 0.69 | 9 
763 | 21 215 7 0.47 14 
772 | 21 215 49 a2 i 3 
462 46 201 95 1.08 19 
743 CO 46 201 50 | 0.87 - 
723 | 34 201 95 | 0.95 | 37 
729 34 201 51 | 0.62 13 
877 21 201 93 [ 0.47 21 
798 21 201 51 | 0.40 6 


























215 °C. 236°C. 
ad e95mm. 
rO50mm 
i) 
w @ 70mm. o 
O35 mm. 
10) 
@) i 1 i i 1 i i 
.@) 400 40 80 40 


Diamétre (mm.) 


Fic. 13. Durée t de la flamme froide de l’éther en fonction du diamétre du récipient aux pres- 
sions indiquées a 201, 215 et 236°C. Composition: Ether: oxygéne 1: 1. 


Influence de la température 

On sait (4) que les paramétres des oscillogrammes varient peu avec la tem- 
pérature entre 200 et 250°C., bien que trois crétes soient visibles entre 185° et 
210°C. et deux seulement entre 210° et 250°C. Quelques observations éparses 
ayant indiqué des modifications dans |’allure du phénoméne aux températures 
élevées, nous avons effeetué quelques expériences entre 250° et 305°C., A des 
pressions suffisamment basses pour éviter les explosions. Comme le fait voir la 
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Fic. 14. Durée t de la flamme froide de l’éther en fonction de la pression @ 215°C. Diamétre: 
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Fic. 15. Variation de la forme des oscillogrammes en fonction de la température, a une pres- 
ston d’environ 25 mm. Hg, pour un mélange équimoléculaire d'oxygéne et d’éther. 


Fig. 15, a 305°C., la premiére créte, trés élevée et trés aigué, n’est enregistrée 
qu’a sa base et est suivie de deux autres, la derniére peu accentuée et déclinant 
trés lentement. La durée du phénoméne s’en trouve accrue considérablement. 
Il en est ainsi de l’émission intégrale. Aprés la flamme 4 280°C., la pression 
continue a croitre lentement, vraisemblablement par suite d’une dégradation 
des intermédiaires, phénoméne qui n’est pas décelable en-dessous de 250°C. 
Malgré cet effet, on n’observe pas de seconde flamme. 
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Discussion 


Certains aspects des résultats seront discutés plus tard aprés l’exposé des 
effets des gaz étrangers et l’analyse des pulsations. Nous nous contenterons ici 
de quelques remarques portant sur des points particuliers. 


Provisoirement, nous nous entenons a I’hypothés# simple que les variations 
de la luminescence suivent celles de la réaction et, en particulier, que l’intensité 
lumineuse est a tout instant proportionnelle a la vitesse de la réaction chimique. 
Cette hypothése semble justifiée par la simplicité relative des résultats et la 
coincidence des fluctuations de |’émission lumineuse avec celles de la pres- 
sion (4). Cependant, one ne peut écarter entiérement la possibilité d’une ex- 
tinction partielle de la fluorescence de la formaldéhyde par certains intermé- 
diares ou produits de la réaction. Les données connues sur ce sujet ne permet- 
tent pas d’apprécier l’importance relative d’un tel effet. 


On trouve sur la Fig. 4 une nouvelle illustration de la symétrie qui gouverne 
la variation de l’émission intégrale en fonction de la composition du mélange. 
Il est intéressant de noter que Prettre (5) a observé un maximum a la méme 
composition, dans la vitesse d’oxydation lente du mélange pentane-oxygéne. 
Cette observation révéle un nouvel exemple de la similitude que présentent les 
flammes froides de diverses substances et apporte un argument de plus en 
faveur de la formation initiale d’un peroxyde ou hydroperoxide de composition 


ROO ou .ROOH. 


Une symétrie analogue se retrouve dans la variation de la hauteur de la 
seconde créte (Fig. 10), et suggére un processus bimoléculaire (Fig. 11). En 
effet, a pression totale constante, la vitesse d’un processus bi-moléculaire est 
maximum lorsque les pressions des deux réactifs sont égales. Il se peut que 
l’intensité hy soit proportionnelle 4 la concentration maximum d’un hydro- 
peroxide. Dans certaines conditions, la formation de cet hydroperoxyde sui- 
vrait, d’aprés Mulcahy (3), une loi bi-moléculaire: 

d (ROOH) 


= k [RH] [O,]. 
dt 


La limite inférieure de la flamme froide n’est évidemment pas simple. L’émis- 
sion intégrale et la hauteur de la premiére créte décroissent asymptotiquement 
jusqu’a des pressions de l’ordre de 5 mm. (Figs. 6 et 7). La hauteur de la seconde 
créte (Fig. 8) atteint un seuil entre 20 et 45 mm., mais sans variation brusque 
d’allure. La position de ce seuil, qui dépend 4 la fois de la composition (Fig. 9) 
et du diamétre, correspond assez bien aux limites observées par Chamberlain 
et Walsh (1) et par Spence et Townend (6). Ces limites indiquent aussi les 
pressions nécessaires pour qu'il y ait propagation de la flamme froide. Il semble 
que les conditions d’existence de notre seconde créte soient les mémes que les 
conditions de propagation. 


On est aussi tenté d’assimiler cette seconde créte 4 la seconde flamme de 
Townend (2). L’intervalle qui sépare les deux crétes, comme celui qui sépare 
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les deux flammes, décroit 4 mesure que la pression s’éléve (Fig. 3) et les deux 
étapes finissent par empiéter l’une sur l'autre aux pressions de |’ordre de celles 
auxquelles le mélange est susceptible de détonner. Cet intervalle, qui semble 
correspondre a |’intervalle obscur des flammes doubles de Townend, s’accroit 
avec le diamétre du récipient (Fig. 12); on verra plus tard que l’addition d’un 
gaz neutre produit le méme effet. L’ensemble des effets de diamétre indique 
que la paroi accélére cette étape obscure, hatant ainsi l’avénement de la seconde 
créte, tout en inhibant cette derniére par l’imposition d’un seuil plus élevé. 
lI est vraisemblable que ces deux facteurs entrent en jeu dans l’action d’un 
grillage sur la propagation d’une flamme froide. 
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Summary 


An apparatus used to study the light emission of a cool flame of ether is described. The 
influence of the concentration of the reactants, the diameter of the reaction vessel, and the 
temperature has been studied. The total emission of light increases with the concentration 
of both reactants (ether or oxygen). The duration of the cool flame increases with the diameter 
of the vessel and the pressure of the reactants. Raising the temperature modifies the shape 
of the oscillograms representing the light intensity as a function of time. 
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THE ISOTOPIC CONSTITUTION OF GERMANIUM! 


By R. P. Granam, J. MACNAMARA,? I. H. CROCKER,?® 
AND R. B. MACFARLANE? 


Abstract 


A mass spectrometric study of the abundances of the isotopes of germanium 

has been made using germanium tetrachloride and tetrafluoride prepared from 

germanium compounds of different geological and geographical origins. Ger- 

manium has five isotopes: Ge7°, Ge”, Ge™, Ge", and Ge”. Variations in the 
76 


natural abundance ratios were found, to the extent of 0.7% for the Geile ratio. 
e 


Calculations of the chemical atomic weight of germanium from the isotope 
abundance of this and of other recent mass een studies yield values 
0.03 to 0.05 units higher than the accepted one. 


Introduction 


The isotopes of germanium were first investigated by Aston in 1923 (1, 2). 
Using a product obtained by the action of hydrofluoric acid on germanium 
dioxide, he identified Ge, Ge”, and Ge™ and roughly estimated their pro- 
portions. In 1928, Aston carried out a further investigation (3) using ger- 
manium tetraethyl and germanium tetrafluoride in an improved mass spectro- 
graph, and reported eight isotopes in the following order of increasing abun- 
dance: Ge’, Ge™, Ge, Ge”, Ge7, Ge7, Ge”, Ge™. In 1931 he published 
quantitative data (4) for these isotopes based on mass spectra obtained using 
germanium tetramethyl. Shapiro, Gibbs, and Laubengayer studied the ab- 
sorption band spectra of germanous sulphide in 1932 (19), and reported Ge”, 
Ge”, Ge”, and Ge” in abundances comparable to those found by Aston (4). 
They considered that the bands due to Ge” and Ge”, if present, would have 
been masked by the very strong bands of the more abundant isotopes Ge”, 
Ge”, and Ge"; no evidence for the existence of Ge” or Ge?’ was obtained. 
Bainbridge examined germanium (6, 7) using the bromide and iodide and con- 
cluded in 1933 that the isotopes Ge™, Ge”, and Ge™’ that had been reported 
by Aston were ‘‘mainly if not entirely hydrides of Ge7°, Ge™, and Ge7®’ (7). 
Aston then applied a correction for 7.3% monohydride to the results he had 
obtained in 1931 (4) and agreed that it was ‘‘quite clear and that most, if not 
all, the effect given by the alkyl compounds at 71, 75, 77 are due to hydrides, 
and that the existence of these isotopes must be regarded as doubtful’ (5, 
p. 131). In fact, when Aston reported his first results with a germanium alkyl 
compound in 1928 he stated that the possibility of hydride formation “‘cannot 
be entirely ruled out’’ (3). Aston’s corrected figures of 1933 (5, p. 131) are given 
in Table I and, until very recently, have been the accepted values for the 
abundances of the isotopes of germanium. 

1 Manuscript received August 18, 1950. 
Contribution from the Department of Chemistry, Hamilton College, McMaster University, 
Hamilton, Ontario. 
2 Research Assistant, National Research Council of Canada 


3 Current addresses: North American Cyanamid Company, Welland Works, Niagara Falls, 
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TABLE I 


EARLIER WORK ON ISOTOPES OF GERMANIUM 

















Reference Aston Inghram et ai. Hibbs et al. | Hibbs et al. 
and year (5); 1933 (13, 14); 1947 (12); 1949 (12); 1949 
Source of ions | Ge(CHs), Ge(Get, Ge++) GeF 4(GeF 3+) Gel ,(GelI+) 
Mass number Percentage abundance 
70 21.2 20.55 20. 60 20. 65 
72 27.3 27.37 27.38 27.43 
73 7.9 7." 7.83 7.86 
74 37.1 36.74 36. 40 36. 34 
76 | 6.5 7.67 7.78 tate 


* The value 7.61% given for Ge in (14) is a misprint (18). 


The present mass spectrometric study of the isotopes of germanium was 
begun in 1948, and during the course of it two papers concerned with the same 
subject appeared. The results of these studies by Inghram, Hayden, and Hess 
(13, 14), and by Hibbs, Redmond, Gwinn, and Harman (12), are summarized 
in Table I. In comparison with Aston’s data, this recent work shows lower 
abundances for Ge*’, Ge, and Ge™, and higher abundances for Ge” and Ge”. 
Particular attention is drawn to the fact that Hibbs, et a/., like Aston, found 
Ge™ to be less abundant than Ge’, whereas Inghram et a/. found Ge7™* and Ge™ 
to have the same abundance. Both the recent studies agree, however, in asses- 
sing the abundances of these two isotopes to be much less dissimilar than did 
Aston. 


The present paper reports the results of a careful mass spectrometric study 
of the relative abundances of the germanium isotopes based on measurements 
of ion currents due to GeCl* and GeF;* from samples of germanium tetra- 
chloride and tetrafluoride that were prepared from germanium-bearing material 
of widely differing geographical and geological origins. 


Materials and Methods 

Samples 

Germanium is widely disseminated in nature, but there are few minerals that 
contain a substantial percentage of it. Our efforts to obtain samples of argy- 
rodite (the silver-germanium sulphide in which germanium was discovered by 
Winkler in 1886) and of the related and even rarer mineral canfieldite were 
unsuccessful. We did, however, secure germanium dioxide that had been pre- 
pared from-germanite, a copper-germanium sulphide that occurs in South- 
West Africa. Germanium has been found in the coal of several countries, and 
one of the samples originated from English coals. It is believed that such 
germanium as is used in commerce on this continent is recovered as a by- 
product of the smelting of zinc sulphide ores from the Tri-State area (Mis- 
souri, Kansas, and Oklahoma); three of the samples are of this origin. Addi- 
tional details regarding the samples are given in Table II. 
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TABLE II 


SOURCES OF GERMANIUM SAMPLES 





Sample No. | Form supplied Origin of sample 

1 GeO.* Germanite from Tsumeb, South-West 
Africa. 

2 GeO.* Germanite from Tsumeb, South-West 
Africa. 

3 | GeO: Flue dusts of coals occurring mainly in the 
county of Durham, England. 

4 GeO, Zinc ores of the Joplin, Missouri, district 

| (Tri-State area). 

5 | GeO .** Zinc concentrates of the Picher field at 
| Picher, Oklahoma (Tri-State area). 

6 GeCl, Zinc ores of Oklahoma. 





* Samples #1 and #2 were obtained in response to two separaté orders for the same material from 
the same supplier; they are presumably identical. Supplier stated that samples may contain 
spectrographic trace quantities of Cu, Fe, Si, Mg, and Al. 

** Supplier stated that sample may contain traces of As. When tetrachloride prepared from the 
oxide was examined in the mass spectrometer, no arsenic could be found in this or any of the samples. 


Preparation of Germanium Tetrachloride 


Germanium dioxide was converted to the tetrachloride by treatment with 
hydrochloric acid and distillation in a stream of hydrogen chloride using a 
procedure similar to that recommended by Foster, Drenan, and Williston (10, 
p. 109). After being condensed in a cold trap, the germanium tetrachloride was 
redistilled in a stream of purified dry nitrogen, passed successively through 
anhydrous sodium carbonate and anhydrous calcium chloride, and then con- 
densed to a solid in another cold trap. Each lot of tetrachloride so prepared 
from Samples #1—5, and also Sample #6 which came to us as the tetrachloride, 
was divided by distillation into three fractions the middle one of which was 
collected in a sample tube (Fig. 1(a@)) for analysis in the mass spectrometer. 


In the preparation, purification, and fractionation of the germanium tetra- 
chloride, all collectors were flamed carefully before use while being swept with 
purified dry nitrogen. One and one-half gram samples of germanium dioxide 
were used, with the tetrachloride being obtained in excellent yield. 


Preparation of Germanium Tetrafluoride 


Germanium tetrafluoride was prepared by thermally decomposing barium 
fluorogermanate (BaGeFs) in vacuo. Dennis and Laubengayer (8) found this 


method of preparing germanium tetrafluoride to be the best of several they 
studied. 


A white salt, presumably BaGeF¢, was prepared by treating the samples of 
germanium dioxide with hydrofluoric acid and then with a solution of barium 
chloride. The salt, after filtering, washing, and drying, was decomposed in an 
evacuated Vycor tube at 700°C. The apparatus was modified from that of Dennis 
and Laubengayer (8) in order to permit the formation and purification of 
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germanium tetrafluoride in a series of connected units. The product, as first 
prepared, was contaminated with hydrogen fluoride and silicon tetrafluoride. 
These were removed by distillation techniques using appropriate freezing 
baths. Germanium tetrafluoride has an unusual avidity for water, and careful 
high vacuum and other techniques were necessary for the preparation of 
thoroughly dry samples. The details of the method that was used for the pre- 
paration and purification of germanium tetrafluoride will be given in a separate 
paper. One-quarter of a gram of the samples of germanium dioxide was taken 
initially, with about 1.3 ml., at N.T.P., of tetrafluoride being finally collected 
in a sample tube (Fig. 1(6)) for analysis in the mass spectrometer. 


Mass Spectrometry 

A 180-degree direction focusing mass spectrometer was used (18). The rela- 
tive ion currents were measured with a linear inverse feedback amplifier 
coupled to a Leeds and Northrup Speedomax recorder (15). The bombarding 
electrons were accelerated through a constant potential, the value of which was 
approximately 85 v. The accelerating potential for the ions so formed was 
maintained constant at 1500 v. and the spectrograms were recorded using 
magnetic scanning. The appropriate shunt was selected manually; the shunt 
factors are indicated on Figs. 2 and 3. 


Although absolute mass spectrometric abundance ratios cannot consistently 
be determined with a reproducibility better than 0.5%, relative abundance 
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Fic. 1b 


measurements can be made with a reproducibility of 0.1%. Relative abundance 
measurements with this order of precision are made by comparing each sample 
to a “‘standard’”’. The procedure was to analyze the ‘‘standard’’, then another 
sample, and then the “‘standard”’ again—all as quickly as possible. The use of 
automatic recording equipment made it possible to compare two samples of 
germanium tetrafluoride or of germanium tetrachloride in this way in approxi- 
mately one hour. Sample #1 was arbitrarily chosen as the ‘‘standard”’ in all 
experiments. With germanium tetrachloride, five to seven consecutively re- 
corded spectrograms in the mass range 105-113 (corresponding to GeCI* ions) 
constituted a set of spectrograms, and, with germanium tetrafluoride, eight 
consecutively recorded spectrograms in the mass range 127—133 (corresponding 
to GeF;* ions) constituted a set of spectrograms. Each spectrogram consisted 
of two peaks for a given mass number, obtained by reversing the scanning after 
covering the mass range under study. The heights of these two peaks were 
averaged to give a measure of the ion current for the given mass for the par- 
ticular spectrogram. 


With samples of germanium tetrachloride, attempts were first made to carry 
out the study in the mass range 70-76, corresponding to Ge* ions. A small peak 
was found at mass number 71 which was not due to an isotope of germanium 
with mass number 71, for no peak for (Ge™Cl*)* ions could be found at mass 
number 106 whereas peaks due to other GeCI* ions were abundant in the mass 
range 105-113. The peak was probably due to (Ge7°CI*5Cl37)** ions and, even 
more so, to (Ge”?CI®CI*)t* ions. This raised the possibility that contributions 
from other GeCl,** ions were present in the ion currents recorded for mass 
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numbers 70, 72, 73, and 74, and for this reason and also because of the pos- 
sibility of contributions due to Cl.* ions at mass numbers 70, 72, and 74, the 
mass range 70-76 was abandoned. Good spectrograms for GeCl* ions were 
obtained in the mass range 105-113; the absence of a peak corresponding to 
mass number 106, with even the most sensitive shunt, is evidence that no ion 
currents due to GeCl,** ions were being recorded in this mass range. 


Complete spectrograms of the various singly charged dissociation products 
of germanium tetrafluoride (mass range 70-152) showed that GeF;* ions were 
produced in by far the greatest abundance (Table III) and, accordingly, the 
mass range 127—133 was chosen for study. 

Investigation of the mass regions adjacent to those for GeCl* and GeF;* 
ions showed them to be free from interfering ions of foreign substances. 

TABLE III 
SINGLY CHARGED GERMANIUM IONS PRODUCED IN 


MASS SPECTROMETER: FROM GEF, 


Ton © Abundance* 
Get 4.0 
GeF+ 2.6 
GeF -+ 1.8 
GeF ;+ 86 8 
GeF ;+ 1.8 





x 35 X35 X35 X35 





1ON CURRENT 















































at n 1 4 4 1 rn 4 4 4 


131 133-133 131 129 127 


MASS NUMBER 
Fic. 2 








127 129 
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Experimental Results with Germanium Tetrafluoride 


Fig. 2 shows a typical spectrogram for GeF;*. The relative abundances of 
the germanium isotopes are directly related to the recorded peak heights (after 
multiplying the latter by the appropriate shunt factor) since fluorine is mono- 
isotopic. 


Some of the abundance ratios are shown in Table IV, with the samples listed 
vertically in the order in which they were admitted to the mass spectrometer. 
Eight spectrograms were recorded with each sample listed and the average 
value for a ratio and the standard deviation were calculated for each set of 
spectrograms. Chauvenet’s criterion (21, p. 170) was used as a basis for the 
rejection of a possible erratic ratio in a given set. The averages and standard 
deviations given in Table IV are those of the ‘‘refined’’ data. The use of 
Chauvenet’s criterion led to the rejection of only 8 out of the 288 ratios with 
which Table IV is concerned; in no case was more than one ratio rejected in a 
given set, and thus each value in Table IV is the average of the data from at 
least seven spectrograms, and in most cases from eight. 


TABLE IV 


ABUNDANCE RATIOS FOR INDIVIDUAL SAMPLES FROM GEF;+ SPECTROGRAMS 
(Standard deviation X 10° shown in brackets) 














| Ge | Ge Ge7™4 Ge™ 
Sample’ No. | Get | Ge Geo | Ge? 
| 

1 0.3837 (0.7) | 1.005 (1) 1.799 (2) 1.340 (1) 
5 0.3835 (0.5) | 1.005 (1) 1.797 (2) 1. 338 (1) 
1 0.3838 (0.5) | 1.005 (1) 1. 800 (2) 1. 339 (1) 
2 0.3833 (0.9) | 1.004 (1) 1.798 (3) 1. 339 (2) 
1 0.3839 (0.8) | 1.005 (3) 1.799 (3) 1. 339 (2) 
3 0.3844 (0.5) | 1.007 (1) 1.799 (1) 1.340 (1) 
1 0.3836 (0.7) | 1.006 (2) 1.797 (2) 1. 339 (2) 
4 0.3808 (0.4) | 1.003 (1) 1.789 (2) 1. 335 (2) 
1 0.3834 (0.3) | 1.007 (2) 1.798 (2) 1. 339 (2) 











The data from all GeF;* spectrograms, except those of Sample #4, were 
combined and averaged, and Chauvenet’s criterion applied to the combined 
data. The results are shown in Table V in comparison with the corresponding 
data for Sample #4, and in Table VI as percentage abundances. 


Experimental Results with Germanium Tetrachloride 


The ions believed to be responsible for the currents recorded in the mass 
range 105-113 (Fig. 3) are shown in Table VII. If A, is the height of the peak 








70 
(with the appropriate shunt factor applied) due to mass x, then hos = Ge " 
hros Ge™ 
73 Ge7? 
 . , and hence hos x Jano = A . The values for the 
hus Ge : hios hus Ge” 


~ 


70 
oS ratios of the various samples are given in Table VIII. Each figure in 
e 
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TABLE V 
COMBINED ABUNDANCE RATIOS FROM GEF;+ SPECTROGRAMS 


(Standard deviation X 10* shown in brackets) 

















Ratio From all spectrograms | From spectrograms 
except those of sample #4* | of sample #4** 

a 0. 3837 (0.7) 0. 3808 (0. 4) 
xe’ 

Ge ‘be » 

oo. 0. 2856 (0. 5) | 0. 2843 (0. 1) 
Ge? | 

Ge’ . 

Ge? 1.005 (2) 1. 003 (1) 
Ge*® 
76 

a 0. 2133 (0.3) | 0.2129 (0. 2) 
xe’ | 

= 4 1.798 (3) | 1. 789 (2) 

ea | 

ea 1.339 (2) | 1.335 (2) 
7. | 

Gel 4.712 (7) 4.709 (7) 

a 0.3816 (0. 6) | 0.3798 (0. 6) 
se” | 

on 0. 2842 (0. 4) | 0.2834 (0:2) 
sei 

Ge? 1.343 (2) 1.340 (2) 

Ge?? 





* Each figure in this column is the average of data from 62-64 spectrograms. 
** Each figure in this column is the average of data from 7-8 spectrograms. 





TABLE VI 
PERCENTAGE ABUNDANCES OF GERMANIUM ISOTOPES 
(Standard deviation X 10? shown in brackets) 








Mass | From GeF;+ spectrograms*| From GeCl* spectrograms 
Number me 











Sample #4 | All others | Sample #4 | All others 
a 20.45 (2) | 20.38(2) | 20.27 | 20. 23 
72 27.41 (2) | 27.37(2) | 27.37 | 27.30 
7 1 hoe GE) | mee | 7.70 7.70 
74 | 36.58(2) | 36.65(2) | 36.80 | 36.87 
76 =|) = «67.79 (1) | 7.82 (1) | 7.86 | 7.90 





* Averages given are from eight spectrograms of Sample #4, and from 61-64 spectrograms of 
*‘All others’. Chauvenet's criterion was applied to refine the data. 


the second column of this table is an average value obtained after Chauvenet’s 
criterion has been applied to the data. Each figure in the third column is an 
average value obtained after Chauvenet’s criterion has been applied to the 
combined data for the two sets of spectrograms for the ‘‘standard’’ sample— 
one set being recorded before the sample under test was admitted to the mass 
spectrometer and the other set afterwards. The agreement between the two 
sets of spectrograms for the “standard” sample was such as to allow the com- 
parison with the sample under test to be a fair one. 
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TABLE VII 


GECL+ SPECTRUM 














Mass number | Ions 

105 (Ge7C]5)+ ; 
107 ea Sl (Ge?C]*)+ 
108 (GeC])+ 
109 | (Ge®CI87)+, (Ge™%CI)+ 
110 (Ge®CB7)+" 
111 | (Ge4C}37)+, (Ge7®C]%)+ 
113 | (GeC]87)+ 

TABLE VIII 





Ge7® 
= RATIOS FROM GECL+ SPECTROGRAMS 


(Standard deviation X 10* shown in brackets) 








Sample No. 


Ge?°/Ge* ratio for 
sample under test 


Ge7°/Ge" ratio for 
“Standard”’ (Sample #1) 





oe WON 


| 
| 
| 
| 
| 


NNNNNN 


561 
557 
561 
581 
562 
563 


* (2) 
(4) 
(5) 
(8) 
(5) 
(9) 


2. 564* (10) 
2.555 (7) 
2.559 (4) 
2.571 (6) 
2.557 (6) 
2.560 (3) 





} 





* These figures appear to represent a comparison of Sample #1 (the | Standard’) with itself; 
actually it is a comparison of two fractions of Sample #1, a “‘light’”’ and a ‘‘heavy’’ one A investigate 
a possible fractionation effect during preparation of the tetrachloride. The application of Chau- 
venet’s criterion resulted in the rejection of 6 of the 104 ratios that are summarized in this table. 
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From Table VII it will be seen that the ratio — ~— 
Ayo Cl 
of this ratio from 118 spectrograms (120 less 2 rejected) gave the value 3.000 
with a standard deviation of 0.008 which corresponds to an abundance for Cl* 
of 75.00% with a standard deviation of 0.05%. (The divergence of this value 
from the commonly accepted abundance for Cl*® will be discussed later.) 


Compilation 


The data from all GeCI* spectrograms, except those for Sample 44, were then 
grouped together and treated as follows (the data for Sample #4 were treated 





similarly, but separately). The ratios Ihor ; hos ; fa : hos , and Ino 

5 1105 hyos hyos hyos hus 
were calculated, averaged, and refined (this caused the rejection of 5 ratios out 
of 600). From the average values of these ratios, and the relative abundance 
of the chlorine isotopes that was established for the conditions of experimen- 


: hyo : ore . : : 
tation from the i ratios, and the data of Table VII, it was possible to 
1110 


calculate abundance ratios for the isotopes of germanium, and hence percentage 
abundances. The percentage abundances so calculated from the GeCI* spectro- 
grams are shown in Table VI. 


Discussion 
Variation in Abundances of the Germanium Isotopes 


The calculation of isotope abundances from the spectrograms of GeF3;* is 
straightforward, whereas the calculation from those of GeCI* is rather involved 
because of the two isotopes of chlorine. Accordingly, the isotope abundances 
calculated from the GeF3;* analyses are considered the more reliable; never- 
theless the correlation between the two experimental approaches is very good. 
Thus, from the analyses of both GeF;* and GeCI* ions there was obtained very 
strong evidence that the isotopic constitution of the germanium in Sample #4 
is different from that in the other samples. When the test of significance of the 
difference of two means known as the “‘t test’’ (11, p. 14) was applied to the 


+70 


: ° . Tp , . . xe . ° 
pairs of means given in Table VIII (involving x ratios obtained from 
ze" 





GeCl* spectrograms), it was found that in all comparisons, except that in- 
volving Sample #4, the probability of the differences of the means (of the 
“sample under test’’ and of the “‘standard”’) being due to chance was greater 
than 0.1, whereas for the differences to be regarded as real or significant the 
probability should be 0.05 or less. For Sample #4 in comparison with the 
“‘standard”’, the probability was only 0.01, indicating that Sample #4 was 
different in kind. Again, the application of the ‘‘t test’’ to the data of Table V, 
involving isotope abundance ratios obtained from GeF;* spectrograms, showed 
that in every case, except one (see below), there was a probability of less than 
0.01 of the differences between the average ratios for Sample #4 and those for 
the other samples being due to chance, i.e., the probability of the differences being 
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significant was greater than 0.99 (out of unity). Reference to Table VII will 
show that relative to the other samples the lighter isotopes of Sample #4 are 
favored at the expense of the heavier ones; this was found in the analyses of 
both GeF;* and GeCI* ions. If Sample #4 had been subjected in nature to some 
fractionation process, it might be expected that two isotopes of intermediate 


mass numbers such as Ge® and Ge“ would remain in approximately constant 
: ' : ‘ ; Ge* 

ratio—and it was in the comparison of the nom 

x€ 





ratios that the one case oc- 


curred, as noted above, in which the ‘‘¢ test”’ did not clearly indicate a difference 
that should be regarded as significant. A more stringent test than the com- 
parison of the ratios given in Table V is the comparison of the average abun- 
dance ratios for Sample #4 with those obtained for the ‘‘standard’’ sample 
admitted to the mass spectrometer just before and just after Sample #4. 
When this comparison was made using the “‘t test’’ it was found that all the 10 


yel4 


‘ ° Ge 
possible abundance ratios, except 


le7 





, had a probability of less than 0.01 


of being different from those of the “‘standard’’ sample as a result only of 
chance. On the other hand, similar comparisons of the abundance ratios of the 
other samples with the ratios of the bracketing ‘‘standard’’ samples showed 
high probabilities that the differences in the average values of the ratios were 


Ge7® 





due to chance only. The difference between the average ratio for Sample 


xe7? 
#4 and that for all other samples (or that for the “‘standard’’) is 0.7% (Tables 
IV and \V). 


Thus in our opinion the isotopic constitution of the germanium in all the 
samples except Sample #4 was the same, within the precision of the measure- 
ments. The abundances of the germanium isotopes in Sample #4 are considered 
to be significantly different from those of the other samples, and it is for this 
reason that the data for Sample #4 are separately recorded in Tables V and VI. ° 
Thus, for the first time, evidence has been found for the occurrence of varia- 
tions in the natural abundances of the germanium isotopes. It was not expected 
that Sample #4 would differ from Samples #5 and #6 nor can we explain the 
difference, because all three of these samples (according to the information given 
us by the suppliers) originated from the Tri-State ore field. It should be re- 
corded, however, that the supplier of Sample #4 stated at the time the sample 
‘was purchased that he could not be sure of the origin of the raw material from 
which it was made; then, some months later in answer to a further enquiry we 
were informed that the germanium had its origin in the Tri-State area. There 
is, accordingly, perhaps some doubt regarding the origin of Sample #4. 


The possibility that the variation in isotope abundances observed was due 
to a fractionation effect during the preparation of samples was ruled out by the 
results of experiments in which a sample of germanium tetrachloride was sub- 
mitted to a more severe fractionation process than those involved in the pre- 
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paration of the samples, and then the “‘light’’ and ‘“‘heavy”’ fractions were com- 
pared in the mass spectrometer. There was no detectable difference in the 
abundances of the germanium isotopes due to this fractionation procedure. 


Relative Proportions of Ge™* and Ge® 

Reference was made earlier to the disagreement among those who have 
studied the isotopic constitution of germanium on the question of the relative 
abundances of Ge” and Ge”. Aston and, very recently, Hibbs et a/., found Ge*® 
to be the less abundant of these two isotopes, whereas Inghram ef a/. found the 
abundances to be the same (Table I). 


In our study, involving 252 spectrograms recorded in the mass ranges cor- 
responding to GeF;*, GeCl*, and Ge* ions, we have found the ion current for 
Ge“ to be greater than that for Ge”. Not only are all the average values for the 
Ge*® 





—— ratios for sets of GeF;* spectrograms greater than unity (Table IV), but 


e" 
cian ds eP....« ec , : 
every individual —— ratio entering into these averages is greater than unity. 
Ge® 

on ° — ‘ a siti hi 
The data from the GeCl* spectrograms yield a similar result. The ratio — 

hiro 
, ‘ . Ge® ., es 
from these spectrograms gives the ratio ane directly; every such ratio is 

se 


greater than unity. It was mentioned earlier that attempts were made to study 
the mass range 70-76 (corresponding to Ge* ions) after admitting germanium 
tetrachloride into the mass spectrometer, but that this range was abandoned; 
nevertheless 53 spectrograms were recorded for this mass range. Examination 
of these shows, and again in every case, the ion current at mass 76 to be greater 
than that at mass 73. And this is so in spite of the possibility that GeCl.** ions 
may have been contributing to the ion currents recorded at mass 73 (although 
not to those at mass 76). 


The consistency of the data from the three mass ranges and with samples of 
different origins leads us to believe that Ge*® is more abundant than Ge”, 
There can be no significant peak-height discrimination in our determinations 
of the relative proportions of Ge™* and Ge” because the peak heights are sub- 
stantially the same. There remains, however, the possibility of mass dis- 
crimination; if our mass spectrometer was discriminating in favor of the heavier 
of these two isotopes to the extent of 0.5%, then our finding of a higher pro- 
portion of Ge’ than of Ge” would not be significant. 


Chemical Atomic Weight from Isotope Abundances 

The values for packing fractions are not yet as clearly defined as one would 
wish. Mattauch (16, p. 113) gives the value 6.7 K 10~‘ for germanium, whereas 
interpolation from the very recent packing fraction curve of Duckworth (9) 
gives the value 7.7 X 10~*. Using the latter value, and 1.000278 as the factor 
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relating the physical and chemical mass scales (17), the chemical atomic weights 
given in Table IX were calculated from the abundance data of the present and 
of other recent mass spectrometric studies. In all cases the atomic weights 
derived from isotope abundance studies are significantly higher than the cur- 
rently accepted atomic weight for germanium; the use of 6.7 X 107 instead 
of 7.7 X 1074 for the packing fraction yields even slightly higher atomic 
weights. 
TABLE IX 
ATOMIC WEIGHT OF GERMANIUM FROM ISOTOPE ABUNDANCE DATA 








| Calculated atomic 














Reference | Ions measured | weight 
Inghram, et a/. (13, 14) Get, Get+ | 72.63 
Hibbs, et al. (12) | Gest, Gel+ | 72. 63 
Present work | GeF ;+ | 72. 64 
| GeCI+ 72.65 
International atomic weight: | | 72.60 7 





From both the GeF;* and GeCI* spectrograms, we find the atomic weight 
of the germanium in Sample #4 to be slightly lower than that of the germanium 
in the other samples studied, but the difference (0.004) is not sufficient to affect 
the’second decimal place. 


The Abundance of the Chlorine Isotopes 
. <P ee 
In this work the ratio opi was calculated from the GeCl* spectrograms to 


be 3.000, whereas the commonly accepted value is 3.07 as found by Nier (18). 
We are not able to say whether the difference is due to the different source of 
chlorine, or to an isotope effect in the dissociation of molecules by electron 
impact, or to some other cause. We hope, however, to resolve the matter in the 
course of a mass spectrometric study of chlorine now in progress. 
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NOTES 





The Photolysis of Mercury Dipropyl' 


The mercury dialkyls are attractive sources of free radicals because of the 
low bond dissociation energy of the mercury—-carbon bonds. The lower alkyls 
have been widely used as sensitizers and there is no question that free radicals 
are produced in their thermal and photodecomposition. A satisfactory source 
of propyl radicals is much to be desired, and an investigation of the photolysis 
of mercury di-n-propyl was therefore undertaken. The reaction has proved to 
be rather too complex to be useful as a radical source, and the investigation has 
been discontinued. The results obtained, however, seemed to be of sufficient 
interest to record. 


The apparatus was of the usual type, but mercury cutofis were used through- 
aut since the mercury alkyl is very soluble in stopcock grease. The products of 
the reaction consisted of hydrogen, methane, ethane, ethylene, propane, 
propylene, n-butane, and n-hexane. They were divided into C,, Ce, C3, Ca, 
and Cg, fractions by low-temperature distillation. The fractions were then 
analyzed with a Blacet—Leighton apparatus and in one case a mass spectro- 
meter. 


The Thermal Decomposition 


Some preliminary experiments on the thermal decomposition were made by 
sealing off a small amount of liquid mercury dipropy] in a quartz tube and then 
heating the vessel in a furnace for a definite length of time. The results were 
very erratic and suggested that the decomposition occurred much more rapidly ~ 
in the liquid phase than in the gas. 


Later experiments were made in a 5-liter Pyrex flask at a pressure of the 
order of the vapor pressure at room temperature (ca. 0.5 mm.). These were 
still quite erratic, but not as much so as the first series. The rate was very 
much influenced by the previous history of the reaction vessel, and the reaction 
was undoubtedly catalyzed by the walls. The decomposition was negligible 
below 100°C. At temperatures in the neighborhood of 170°C. the products were 
almost entirely C3; hydrocarbons. 


In view of the erratic nature of the results, the only conclusion which can be 
drawn is that the reaction is a surface one. Below 100°C. the thermal reaction 
should not be a complication in photochemical experiments, but above this 
temperature it will cause serious difficulties. 


lJssued as N.R.C. No. 2292. 
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The Photodecom position 

Photochemical experiments were carried out in a quartz cell 5 cm. in dia- 
meter and 10 cm. long. The light source was a Hanovia S-500 mercury arc. 
The light was filtered by 5 cm. of chlorine at 250 mm. pressure, and a Corning 
9863 filter. The system transmitted a region from about 2500 A to 3000 A, 
with most of the intensity in the region 2500-2700 A. The percentage con- 
version was in all cases kept small. At low pressures (0.5 mm.) a circulating 
system was used with or without nitrogen as a carrier. 


The results of a number of typical runs at 5 mm. pressure are given in 
Table I. 
TABLE I 


_ 


Runs AT 5 MM. PRESSURE AND 108°C. 

















Time, | Ne added, Products, cc. per min. X 10+ 
min mm. | — | Cs/Cs 

| oe | eo | ot oe] ee Y 

= - 
30 | 0 |} 20 | 7.3 21 | 26 | 41.3 0.35 
30. | 80 ;} - | 32 | 128 | 15°] 41.3 0.18 
60 | 80 - | 88 | @B | 24 | 42.6 0.15 
65 0 | 1.6 | 58 | 17 | 34 | 81.9 0.34 
9 | 80 - | 28 | @ | 23 | 24] OM 
90 | 0 | eo | 66 | B 3.2 | 31.4 | 0.33 





The C,. hydrocarbons were almost exclusively n-hexane, the C; fraction 
contained C;H. and C;Hs, the propylene being somewhat in excess of C3Hs. 
These products are obviously to be accounted for by 

Heg(C3H7)2 aa hy =— Hg a 2C3H;, 
2 C3H; — CeHis 
2 C3H, =< C3He + C3Hs 
All evidence points to the propyl radical being stable at 100°C., and the con- 
siderable amount of C. and Cy, hydrocarbons is therefore surprising. They 
presumably arise either by a direct molecular change, such as 
Hg(C3Hz)2 + hv — Hg(C3Hz); 
Hg(C3H:); — Cs and C, hydrocarbons 
or else the propyl! radicals formed as indicated above carry over energy from 
the primary step and decompose 
C;H; — CoH, + CHsz, etc. 
The decrease in C, and C4 hydrocarbons in the presence of nitrogen could be 
accounted for by deactivation of either excited Hg(C3Hz)2 or of C3H7. The- 
latter mechanism seems the more likely. 


Decrease in the pressure of Hg(C;H7z)2 would be expected on this basis to 
lead to increased products of radical breakdown. This was found to be the 
case, a C2/C; ratio as high as 1.5 being obtained in experiments at 100°C. with 
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0.5 mm. of Hg(C3Hz)s. The presence of nitrogen again decreased C, formation. 
In these experiments C, and C; were definitely increased by the presence of 
nitrogen at the expense of the C2. and C, hydrocarbons. This indicates that 
the mechanisms are not independent and therefore strongly favors hot radical 
breakdown as the cause of C. and C, formation, rather than an excited mole- 
cule mechanism. 


Temperature had practically no effect on the rate or products from 30° to 
108°C. 
RECEIVED SEPTEMBER 21, 1950. E. J. CAULE* 
DIVISION OF CHEMISTRY, E. W. R. STEACIE 


NATIONAL RESEARCH COUNCIL OF CANADA, 
Ottawa, CANADA. 


* National Research Council of Canada Postdoctorate Fellow. 


Synthesis of Some Phenanthridine Derivatives 


In connection with a project which we have discontinued we have applied 
the reaction between alpha-hydroxymethylene ketones and ethyl acetonedi- 
carboxylate (2) to 4 ketotetrahydroquinoline (1). This compound gave with 
ethyl formate in the usual way 1-formyl-3-hydroxymethylene-4-keto-1, 2, 3, 4- 
tetrahydroquinoline, 7, which was condensed with ethyl acetonedicarboxylate 
to ethyl 5-formyl-9-hydroxy-5, 6-dihydrophenanthridine-8, 10-dicarboxylate, 
ITI. By saponification of the ester groups and simultaneous deformylation the 
acid IJIJ was obtained. This acid by decarboxylation in quinoline gave only 
polymeric material, but it could be dehydrogenated with simultaneous de- 
carboxylation by palladium-charcoal to 9-hydroxyphenanthridine, JV. 


OH 
0 wy, iii. A OE 
‘aad Ne . VA YS Fg 
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I 4 II x 
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EXPERIMENTAL PART 

1-Formyl-3-hydroxymethylene-4-keto-1, 2, 3, 4-tetrahydroquinoline.—4- Keto- 
tetrahydroquinoline (4.00 gm.), ethylformate (2.223 gm.), and sodium (0.692 
gm.) were dissolved in absolute alcohol (25 cc.). After several days the sodium 
salt of the hydroxymethylene compound precipitated and a further crop was 
obtained by the addition of ether. The compound was characterized as the 
3-phenylaminomethylene compound which formed crystals from ethanol, m.p. 
116°-117°C. Cale. for Cy7H1302Ne: C, 73.36; H, 5.07; N, 10.07%. Found: 
C, 73.46; H, 5.25; N, 9.79%. 


Ethyl 5-formyl-9-hydroxy-5, 6-dihydrophenanthridine-8, 10-dicarboxylate.— 
The sodium salt of the hydroxymethylene compound (23.8 gm.) was dissolved 
with 15.7 gm. of ethyl acetonedicarboxylate in 100 cc. of alcohol and the solu- 
tion was shaken for 24 hr. After this period the alcohol was evaporated to 
dryness in vacuo, water added and extracted with ether. The oily residue of the 
extract crystallized from an alcohol-ether mixture. After repeated crystal- 
lization and sublimation in vacuo 4.166 gm. of a white crystalline compound, 
m.p. 140°-141°C. was obtained. Calc. for CopHigQsN: C, 65.03; H, 5.19; 
N, 3.79%. Found: C, 64.87; H, 5.07; N, 3.55%. 


9-Hydroxy-5, 6-dihydrophenanthridine-8, 10-dicarboxylic Acid.—The diester 
was saponified by boiling with 15% methanolic potassium hydroxide for 12 hr. 
After evaporation of the methanol the acid salt was dissolved in water and the 
acid obtained as a precipitate by making the solution slightly acidic with 
hydrochloric acid. It was reprecipitated in this way several times and finally 
boiled with water to remove inorganic salts. It was dried in a high vacuum at 
100°C. Calc. for Ci3H1:,0sN: N, 4.91%: Found: N, 5.08%. 


9-Hydroxyphenanthridine.—The diacid (1 gm.) and 1 gm. of 30% palladium- 
charcoal were heated in a test tube for 20 min. at 300°C. The mixture was then 
extracted with ether, giving 0.119 gm. of a crystalline compound. It was re- 
crystallized several times from ether and sublimed for analysis in a high 
vacuum. It melted with vigorous decomposition between 230° and 240°C. 


Calc. for Cis3HgON: C, 80.00; H, 4.62%. Found: C, 79.74; H, 4.63%. 
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Estimation of Ribonucleic Acid with Orcinol 


The orcinol color test for pentoses and uronides was adapted by Mejbaum 
(5) to estimate ribose in purine nucleotides and nucleosides (ribose linked to 
pyrimidine bases did not react with the orcinol). Since pentoses, uronides, and 
some desoxypentoses (4) developed the same color and since other carbo- 
hydrates, lead, and nitrates developed extraneous colors, Mejbaum analyzed 
only purified preparations. Schlenk (7) extended the heating time for color 
development from 20 min. to 30 min. 


Schmidt and Thannhauser (8) encountered serious difficulties in adapting 
color tests normally used on carbohydrates to the measurement of nucleic 
acids; they favored a procedure that involved estimating phosphorus. Cori 
and Cori (2) found that, on the basis of phosphorus content, yeast nucleic acid 
gave only 40% of the pentose color developed by muscle adenylic acid. 
Davidson and Waymouth (3) prepared calibration curves in terms of nucleic 
acid phosphorus and found no theoretical relation between ribose present and 
intensity of color developed. 


A possible explanation of the discrepancies in various investigations was 
found in the results of Albaum and Umbreit (1) who showed that different 
pentoses and pentose-containing compounds developed color with orcinol at 
widely differing rates. This suggests that procedures suitable for estimation 
of nucleosides and nucleotides might be unsuitable for nucleic acid unless the 
procedures were modified. 


Preliminary tests showed that the yellow color of ferric chloride in the re- 
agent did not interfere, because the color complex had a maximum absorption 
at 660 my, at which wave length ferric chloride had little absorption. Conse- 
quently extracting the color complex with n-butanol, suggested by Militzer 
(6), is unnecessary. Mejbaum’s reagent, 1% orcinol and 0.1% ferric chloride 
in concentrated hydrochloric acid, was satisfactory. This reagent must be 
prepared immediately before use. The color complex was stable overnight. 


One sample of orcinol (Schuchardt) that had been in the laboratory for 
several years gave slightly lower light absorption readings than a new sample 
(Eastman). Each sample changed slightly over a period of two years. 


To determine the effect of heating time, 2 ml. of test solution and 2 ml. of 
‘ orcinol reagent were heated in 10-ml. cylinders immersed in a vigorously boiling 
water bath. Ribose, arabinose, and wheat germ ribonucleic acid and nucleo- 
protein were compared. The results (Table I) show that with ribose 20 min. 
was sufficient for maximum color development, but with the others, 60 min. 
was required. With this longer heating time the color density was the same 
regardless of the source of the pentose. (Obviously the protein did not inter- 
fere.) Two pure samples of ribonucleic acid, one from yeast (9.40% phos- 
phorus) and the other from wheat germ (9.49% phosphorus), were found to 
contain the theoretical amount of reacting pentose, assuming that half the 
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TABLE I 


EFFECT OF TIME OF HEATING ON COLOR DEVELOPED WITH ORCINOL 
(Each 2 ml. aliquot tested contained 15 ugm. of reacting pentose.) 














Light transmission at 660 my, % 








Time, | 
min. Wheat germ Wheat germ 
Ribose | Arabinose ribonucleic ribonucleo- 
; acid* protein* 
20 41.0 | 48.0 46.75 46.75 
30 40.75 42.5 43.0 44.0 
40 --- 41.0 42.25 42.75 
50 <= 41.25 | 41.75 42.0 
60 41.0 40.5 41.25 41.0 
100 — | 40.5 | 41.0 41.25 
120 40.5 | 40.75 | 41.0 | 40.75 








* Assuming that half the phosphorus was in purine nucleotides. 


phosphorus was bound to purine bases and using a calibration curve prepared 
with arabinose. Additional tests with ribonucleic acid showed the importance 
of vigorous boiling: when a bath at 99°C. was used, heating for 60 min. was 
insufficient. 


When the described heating precautions were used, the color reaction be- 
tween orcinol (Schuchardt) and the pentose of ribonucleic acid obeyed Beer’s 
law over a range of concentrations of 0.5 to 2.5 ugm. per ml., which corresponds 
to a range of 20-65% transmittance. Beer’s constant varied from 0.0263 to 
0.0281 over a period of two years but each constant had an average variation 
of + 0.0004 for the range indicated. It is concluded therefore that previously 
reported discrepancies were due to insufficient heating of the reaction mixture. 


The procedure adopted is as follows:—A 2 ml. aliquot of a solution containing 
5 to 25 ugm. of reacting pentose is placed in a 10 ml. graduated glass-stoppered 


ry 


Pyrex cylinder with 2 ml. of orcinol reagent (1.0% orciriol and 0.1% chloride 
in concentrated hydrochloric acid prepared immediately before use). A blank 
test is made without orcinol in the hydrochloric acid. The cylinders are shaken 
and then placed in vigorously boiling water for 60 min. After cooling, the solu- 
tions are made to volume, mixed, and their light transmittance measured at 
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